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PREFACE 


^  This  symposium  was  established  in  1976  for  the  purpose  of  bringing  to¬ 
gether  once  every  two  or  three  years,  active  investigators  in  the  fore¬ 
front  of  contemporary  immunology,  to  present  their  findings  and  to  discuss 
their  significance  in  the  light  of  current  concepts  and  to  identify 
important  new  directions  of  investigation.  The  founding  of  the  symposium 
was  stimulated  by  the  achievement  of  major  breakthroughs  in  the  under¬ 
standing  of  the  immune  recognition  of  proteins  and  peptides.  We  believed 
that  these  breakthroughs  will  lead  to  the  creation  of  a  new  generation  of 
peptides  which  should  have  enormous  potential  in  biological,  therapeutic 
and  basic  applications.  This  anticipated  explosion  has  finally  occurred 
and  many  applications  of  these  peptides  are  now  being  realized. 

The  main  symposia  topics  of  the  fourth  symposium  were:  T-cell 
recognition  of  proteins,  structure  and  function  of  the  T-cell  receptor, 
presentation  of  protein  antigens,  recycling  and  activation  of  membrane 
receptor  molecules,  Ir-gene  control  of  T-cell  responses  and  methods  of 
cell  separation.  The  molecular  features  recognized  by  antibodies  on 
proteins  were  the  first  immune  recognition  sites  to  be  localized  and 
confirmed  by  synthetic  peptides.  The  complete  antigenic  structures  of 
several  proteins  have  been  defined,  and  individual  antigenic  sites  have 
been  described  on  many  more  proteins.  More  recently,  major  breakthroughs 
have  been  reported  in  the  immune  recognition  of  proteins  by  T  cells. 
Now,  the  complete  T-cell  recognition  profiles  of  several  proteins  and  a 
few  more  individual  T  sites  on  some  proteins  have  been  localized.  Many 
of  these  molecules  are  discussed  in  this  volume.  <  “)-* - 

The  diversity  of  antibody  specificity  occupied  center  stage  in  immuno¬ 
logy  for  over  three  decades.  The  diversity  in  T-cell  specificity  and  its 
understanding  in  molecular  terms  had  to  await  the  advent  of  the  recent 
powerful  tools  of  molecular  biology.  In  this  volume,  the  structure  of  the 
T-cell  receptor  and  its  relationship  to  immune  recognition  by  T  cells  are 
discussed. 

Having  acquired  a  great  deal  of  knowledge  about  protein  molecular 
features  that  are  recognized  by  antibodies  and  by  T-cell s,  it  has  become 
feasible,  using  precise  molecular  tools  to  investigate  the  first  phases 
of  recognition  by  the  immune  system.  For  a  long  time,  it  has  been 
believed,  and  many  experiments  were  so  designed  to  show,  that  the  first 
critical  steps  of  immune  recognition  involved  internalization  and 
degredation  of  the  protein  by  the  antigen-presenting  cells  and  then  the 
reappearance  of  protein  fragments  on  the  surface  of  the  antigen-presenting 
cells  which  then  present  these  fragments  to  the  T-cells.  Thus,  the 
fragments  constitute  the  target  of  recognition.  However,  in  the  last  5-6 
years,  a  small,  greatly  outnumbered  group  of  investigators  have  reported 
studies  that  would  suggest  that  the  accessory  cells  present  protein 
antigen  in  intact  form  to  the  T-cell.  In  other  words  presentation  is 


independent  of  processing.  In  this  volume,  proponents  of  both  schools  of 
thought  present  some  of  their  findings  and  viewpoints.  It  has  also  been 
suggested  recently  that  antigen  presentation  may  not  be  entirely 
unrelated  to  other  membrane-mediated  cellular  activation  phenomena.  The 
resemlance,  if  any,  of  these  systems  to  immune  recognition  is,  therefore, 
examined,  and  the  latest  concepts  of  recycling  and  activation  of  membrane 
receptor  molecules  are  discussed  in  this  volume. 

The  interaction  of  cells  and  molecules  which  generate  an  immune 
response  are  controlled  and  regulated  at  various  steps  in  the  pathway. 
Manipulation  and  therapeutic  exploitation  of  the  immune  system  cannot  be 
obtained  without  detailed  understanding  of  these  intricate  networks  of 
recognition  and  regulation.  Some  of  the  molecules  that  control  and 
regulate  the  immune  system  are  discussed  in  this  volume. 

Cellular  studies  in  immunology  are  highly  dependent  on  the  ability  to 
isolate  the  appropriate  cell  lines  and  clones.  The  procedures  presently 
employed  have  been  quite  effective.  But  yet  new  and  promising  technologies 
are  emerging.  The  ability  to  preform  cell  separations  in  microgravity  may 
prove  to  be  one  of  the  most  important  biologically-related  fringe  bene¬ 
fits  of  the  space  program.  The  current  status  of  these  invesitgations 
is  reviewed. 


M.Z.  Atassi 
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THE  MAJOR  HISTOCOMPATIBILITY  COMPLEX  AND  PROTEIN  RECOGNITION 


BY  T  LYMPHOCYTES 


Jan  Klein 

Max-Planck-Institut  fur  Biologie 

Abteilung  Immungenetik 

Tubingen,  Federal  Republic  of  Germany 


Twosome  and  Threesome  Relations 


In  biochemistry  all  good  things  come  in  twos  —  as  pairs  of  receptors 
and  their  ligands  (Fig.  1) .  An  enzyme  interacts  with  its  substrate  and 
thus  initiates  or  accelerates  a  chemical  reaction.  A  hormone  binds  to  its 
receptor  and  thus  regulates  a  physiological  process.  A  regulatory  protein 
attaches  to  a  promoter  region  of  DNA  and  thus  activates  a  gene.  And  so 
on.  In  immunology,  on  the  other  hand,  the  best  things  come  in  threes. 

Here,  the  T-cell  receptor  (Ter)  curiously  enough  does  not  react  with  one 
but  with  two  ligands  simultaneously:  with  an  antigen  and  with  major  histo¬ 
compatibility  complex  (Mhc)  molecules  (Fig.  2).  The  immune  system,  to  be 
sure,  has  not  completely  abandoned  the  old-fashioned  twosome  relationship 
(antibodies  react  with  antigens  and  antigens  only) ,  but  the  most  profound 
event  in  the  immune  response,  the  initial  distinction  between  self  and  non¬ 
self,  is  a  threesome  affair. 

So  strange  is  the  notion  of  a  single  receptor  recognizing  two  ligands 
simultaneously  that  some  immunologists  have  tried  to  argue  around  it.  They 
came  up  with  the  idea  that  in  reality  the  Mhc  molecule  (self)  is  the  re¬ 
ceptor  for  the  antigen  (nonself)  and  the  Ter  is  the  receptor  for  the  modi¬ 
fied  self  —  for  the  Mhc  molecule  altered  by  the  interaction  with  the  anti¬ 
gen  (Zinkernagel  and  Doherty,  1974;  Ohno  et  al.,  1981;  Sherman,  1982).  It 
is  a  strange  idea  because  it  presupposes  that  a  single  "receptor”  (the  Mhc 
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Hormone  -  Receptor 


Antigen  -  Antibody 


Fig.  1.  Twosome  interactions  in  biochemistry 
and  immunology. 
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ANTIBODY  CONCEN-  RECIPROCAL  OF 
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Fig.  3.  Antibody  blocking  of  T  cell  responses  to  liposome- 
bound  antigens.  IL-2  production  by  the  pigeon  cyto- 

chrome  £  (PCC)+E  specific  hybridoma  in  response  to 

liposomes  carrying  PCC  and  E  molecules  (•)  and  lipo¬ 
somes  carrying  PCC  alone  (O)  was  tested  in  the  ab¬ 
sence  of  APC.  Antibodies  added  to  the  culture  were 

(A)  C13,  IE5  (PCC  specific) ,  (B)  13/18  (E^  specific) 
and  (C)  GK  1.5  (L3T4  specific).  The  semi-closed  circle 
represents  the  mediuqi  control.  Each  point  represents 
the  arithmetic  mean  -  SD  (vertical  bars)  of  triplicate 

cultures.  E  =  class  II  molecule  controlled  by  the 
mouse  Mhc .  (From  Walden  et  al.,  1986a). 
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molecule)  can  specifically  recognize  a  very  large  number  of  ligands 
(different  antigens)  and  that  each  of  these  ligands  can  alter  the  Mhc  mole¬ 
cule  in  a  specific  way.  Yet,  until  recently  there  has  been  no  convincing 
experimental  evidence  to  disprove  the  altered-self  hypothesis.  Only  now  can 
t'ne  hypothesis  safely  be  discarded.  Walden  and  his  colleagues  (1986a) 
have  demonstrated  that  T  cells  stimulated  by  an  antigen  (pigeon  cytochrome 
£)  together  with  self  class  II  Mhc  molecules  can  be  restimulated  with  the 
antigen  alone,  in  the  absence  of  any  Mhc  molecules  (Fig.  3).  To  achieve 
this,  they  conjugated  the  antigen  to  the  lipids  of  a  liposome  which  they 
then  added  instead  of  antigen  presenting  cells  (APC) ,  to  the  primed  T 
cells.  The  lymphocytes  responded  to  the  antigen  by  increased  incorpora¬ 
tion  of  tritiated  thymidine,  proliferation,  and,  in  other  experiments, 
also  by  the  production  of  interleukin-2  (IL-2)  —  a  sure  sign  of  their 
activation.  Similar  activation  could  also  be  achieved  with  other  antigens 
(e.g.,  lactate  dehydrogenase  B  or  keyhole-limpet  hemocyanin) .  The  T-cell 
proliferation  could  be  blocked  by  the  addition  to  the  culture  of  antibodies 
specific  for  the  antigen,  but  not  by  antibodies  specific  for  class  II 
molecules,  thus  confirming  that  these  molecules,  which  normally  provide 
the  context  for  antigen  recognition,  were  not  involved  in  the  T  lymphocyte 
activation  in  this  particular  experiment.  The  T  cells  could  be  restimulated 
only  with  the  same  antigen  that  was  used  for  their  priming;  unrelated 
antigens  failed  to  elicit  any  significant  response,  indicating  that  the 
response  was  as  specific  as  that  occurring  in  the  context  of  Mhc  molecules. 

Clusters,  Grids,  and  Affinities 


An  analysis  of  the  conditions  under  which  antigen  alone,  without  Mhc 
molecules,  could  restimulate  T  cells  revealed  that  a  relative  rigidity  of 
the  liposome  bilayer  and  a  relative  high  density  of  the  antigenic  molecules 
conjugated  to  the  lipids  was  required.  This  observation  suggests,  in  turn, 
that  clustering  of  Ter  may  be  necessary  for  lymphocyte  activation  and  that 
the  affinity  of  receptor-ligand  interaction  is,  not  surprisingly,  critical 
for  the  initiation  of  the  response.  These  two  requirements  may  be  inter¬ 
related.  It  is  possible  that  under  physiological  conditions,  the  Mhc  mole¬ 
cules  are  responsible  for  clustering  the  receptors,  either  because  they 
are  present  at  high  density  on  the  APC  or  because  they  themselves  occur  in 
patches  in  the  plasma  membrane.  In  the  rigid  liposome,  the  antigen  molecules 
form  a  relatively  immobile,  dense  grid  which  favors  clustering  of  receptors 
interacting  with  the  individual  antigenic  determinants.  This  interpretation 
is  supported  by  the  observation  that  multivalent  antigens,  such  as  those 
generated  by  the  conjugation  of  multiple  haptenic  groups  to  a  carrier  mole¬ 
cule,  can  also  function  without  Mhc  molecules  when  they  interact  with  Ter 
(Carel  et  al.,  1983;  Rao  et  al.,  1984a, b;  Siliciano  et  al.,  1985a, b,  1986). 

The  ease  with  which  T-cell  proliferation  can  be  blocked  with  antigen- 
specific  antibodies  when  the  antigen  is  presented  on  liposomes  contrasts 
with  the  difficulties  other  investigators  have  had  attempting  to  block  pre¬ 
sentation  by  APC.  The  reason  for  this  difference  may  again  lie  in  the 
affinity  and  the  geometry  of  interactions  between  the  Ter,  the  antigen,  and 
the  Mhc  molecules.  One  can  imagine  that  in  a  physiological  situation,  the 
initial  interaction  of  the  Ter  is  with  the  Mhc  molecules  of  the  APC.  Such 
an  interaction  may  occur  all  the  time  but  its  affinity  is  so  weak  that  it 
does  not  lead  to  activation  of  the  T  lymphocyte.  The  weak  bonds  between 
the  Ter  and  the  Mhc  molecules  may  constantly  form  and  break  without  any 
consequence  to  the  cells  involved.  When  Mhc-specific  antibodies  are  pres¬ 
ent  they  may  bind  to  the  Mhc  molecules  with  high  affinity  and  thus  block  the 
Tcr-Mhc  molecule  interaction  and  hence  also  antigen  presentation.  Blocking 
of  antigen  presentation  by  Mhc-specific  monoclonal  antibodies  has  been  dem¬ 
onstrated  repeatedly  in  a  number  of  laboratories  (e.g.,  Baxevanis  et  al., 
1980;  Lerner  et  al.,  1980).  If  Mhc-specific  antibody  is  not  present,  the 
Tcr-Mhc  molecule  interaction  is  stabilized  by  the  interaction  with  antigen. 
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The  density  of  the  antigen  on  the  APC  and  its  affinity  for  the  Ter  are  too 
low  to  even  initiate  the  T-cell:APC  interaction.  It  is  only  when  the  Ter, 
weakly  interacting  with  Mhc  molecules  on  the  APC,  encounters  the  antigen 
that  a  strong  bond  between  the  two  cells  snaps  in.  The  affinity  interaction 
in  the  threesome  complex  is  now  so  high  that  the  antigen-specific  antibody 
cannot  compete  successfully  with  it.  Since  the  antibody  also  does  not  in¬ 
terfere  with  the  initial  recognition  of  the  Mhc  molecules  by  the  Ter,  it 
often  does  not  block  antigen  presentation,  particularly  when  it  is  specific 
for  a  different  determinant  on  the  antigen  molecule  than  the  Ter  is,  which 
happens  most  of  the  time.  Only  when  conditions  are  favorable  for  the  anti¬ 
body,  can  it  block  antigen  presentation.  Only  on  the  liposomes,  where  the 
Ter  is  forced  to  initiate  the  recognition  via  the  antigen  rather  than  via 
the  Mhc  molecules,  and  the  affinity  of  the  recognition  remains  relatively 
low  for  the  individual  Tcr-Mhc  molecule  pairs  (but  the  avidity  of  all  the 
interactions  is  high) ,  does  the  antibody  compete  successfully  with  the  Ter 
and  blocks  T-cell  activation.  In  experiments  in  which  antigen  presentation 
by  APC  could  be  blocked  (Corradin  and  Engers,  1984;  Lamb  et  al.,  1984),  it 
may  have  been  the  nature  of  the  antigen  or  even  other  factors  that  brought 
the  experiment  to  a  successful  conclusion. 

The  Form  of  the  Presented  Antigen 


The  antigen  used  for  the  experiment  depicted  in  Figure  3  was  a  whole 
protein,  which  was  covalently  coupled  to  the  liposome.  The  only  cell  in 
this  system  was  the  T  lymphocyte  with  receptors  specific  for  this  antigen. 
There  was  thus  no  cell  available  that  could  "process"  the  protein  by  de¬ 
grading  it  into  peptides.  Walden  and  his  colleagues  (1985,  1986a, b)  tested 
several  other  antigens  for  their  ability  to  be  presented  by  liposomes  (i.e., 
cytochrome  £,  insulin,  lactate  dehydrogenase  B,  lysozyme,  ovalbumin,  and 
keyhole  limpet  hemocyanin)  and  obtained  in  all  instances  the  same  result:  a 
whole  protein  molecule  attached  to  a  lipid  bilayer  can  be  recognized  spe¬ 
cifically  by  the  Ter  of  activated  T  lymphocytes. 

This  observation  opposes  the  current  dogma  according  to  which  large 
proteins  are  taken  up  by  the  APC,  sequestered  into  the  lysosomal  compart¬ 
ment,  degraded  into  peptides,  and  the  peptides  returned  to  the  cell  surface 
where  they  associate  with  Mhc  molecules  (Grey  and  Chesnut,  1985).  Only  if 
so  processed  can  the  antigens  be  recognized  by  the  T  cells.  We  have  dis¬ 
cussed  the  merits  of  the  antigen  processing  hypothesis  elsewhere  (Klein  et 
al.,  1985;  Klein  and  Walden,  1986)  and  I  will  therefore  not  repeat  the 
arguments  here.  Suffice  to  say  that  now  even  the  proponents  of  the  hypo¬ 
thesis  admi  .  that  at  least  some  quite  large  protein  molecules,  such  as 
fibrinogen,  need  not  be  processed  at  all  to  be  recognized  by  T  cells  (Allen 
et  al.,  these  proceedings).  They  admit  further  that  for  other  antigens  the 
processing  may  constitute  the  mere  unfolding  of  a  globular  protein  and  that 
this  event  can  take  place  on  the  cell  surface  rather  than  inside  the  cell 
(Streicher  et  al.,  1984;  Kovac  and  Schwartz,  1985).  These  conclusions  may 
be  paving  the  way  for  a  reconciliation  of  the  two  originally  so  diametri¬ 
cally  opposite  views  of  antigen  presentation.  It  is  clear,  however,  that 
whatever  compromise  is  reached  in  the  end,  the  original  hypothesis  of  anti¬ 
gen  processing  encompassing  all  the  large  proteins  is  no  longer  valid  and 
that  whatever  happens  to  the  presented  antigen  can  happen  at  the  cell  sur¬ 
face  without  the  protein  having  to  actually  enter  the  cell. 

Consequences  of  Mhc  Polymorphism 

The  fact  that  the  Ter  recognize  not  one  but  two  ligands  simultaneously 
is  strange.  But  perhaps  even  more  curious  is  the  observation  that  both 
ligands  vary.  That  the  Ter  varies  from  clone  to  clone  is  to  be  expected 
because,  after  all,  this  is  part  of  its  function.  Surprising  is,  however, 
that  also  the  Mhc  molecules  vary  from  individual  to  individual,  that  is 
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to  say,  the  Mhc  loci  are  polymorphic.  The  polymorphism  means  that  the  same 
antigen  may  be  recognized  in  different  individuals  in  the  context  of  differ¬ 
ent  Mhc  molecules. 


INDIVID  UAL  1  (HLA  2 )  INDIVIDUAL  2  (  HLA  A) 


Fig.  4.  Two  views  of  ways  in  which  the  T-cell  repertoire  may 

be  individualized.  T  indicates  a  T  cell  and  <  receptor 
specificity;  numbers  indicate  different  Mhc  molecules, 

capital  letters  different  antigens.  For  example,  Tc1 

is  a  T  cell  capable  of  recognizing  antigen  A  in  the 

context  of  the  Mhc1  molecule.  HLA  =  human  Mhc. 
According  to  the  "either"  hypothesis,  the  periphery 
contains  only  T  cells  recognizing  antigens  in  the  con¬ 
text  of  self  Mhc  molecules.  According  to  the  "or" 
hypothesis,  the  periphery  contains  self-  as  well  as 
nonself-restricted  T  cells,  but  uses  only  the  former. 


The  Mhc  polymorphism  has  two  important  consequences.  The  first  is  that 
the  T-cell  repertoires  of  different  outbred  individuals  are  not  the  same. 

The  repertoires  are  individualized  either  qualitatively  or  quantitatively. 
There  are  two  ways  in  which  the  individualization  may  occur  (Figs.  4  and  5). 
According  to  one  hypothesis  (Zinkernagel  et  al.,  1978),  as  the  T  lymphocytes 
differentiate  in  the  thymus,  they  are  screened  for  the  receptors  they  ex¬ 
press.  The  germ  line  contains  genes  coding  for  Ter  with  the  potential  to 
recognize  antigens  in  the  context  not  only  of  self  Mhc  molecules,  but  also 
of  the  Mhc  molecules  that  other  individuals  might  express  (nonself  Mhc  mole- 
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TIME 

Fig.  5.  Individualization  of  the  T-cell  repertoire  by  the 

expansion  of  self-restricted  T  cells.  Circles  indi¬ 
cate  individual  T  cells;  letters  specificity  of  the 
T  cells  for  antigens  A,  B,  C,  etc. 


cules).  But  the  thymus  allows  only  T  cells  with  receptors  for  antigens  and 
self-Mhc  molecules  to  pass  into  the  periphery;  cells  with  receptors  for 
antigens  and  nonself  Mhc  molecules  die  in  this  organ.  According  to  the 
second  hypothesis  (Klein  and  Nagy,  1982) ,  the  screening  in  the  thymus  is 
minimal,  if  it  exists  at  all.  In  the  periphery,  T  lymphocytes  with  receptors 
for  antigens  and  self  Mhc  molecules  are  amplified  by  antigen  stimulation, 
whereas  T  cells  with  receptors  for  antigen  and  nonself  Mhc  molecules  are  not 
because  no  nonself  Mhc  molecules  are  present  in  the  individual.  The  reper¬ 
toire  thus  drifts,  with  continuous  antigen  stimulation,  toward  a  state  in 
which  the  T  cells  recognizing  antigens  in  the  context  of  self  Mhc  molecules 
dominate . 

The  question  of  how  individualization  of  the  T-cell  repertoire  occurs 
has  been  left  open  (for  discussion,  see  Klein  1986).  Two  points,  however, 
have  been  established.  First,  the  T-cell  repertoire  does  contain  lymphocytes 
capable  of  recognizing  antigens  in  the  context  of  nonself  Mhc  molecules 
(Ishii  et  al.,  1981;  1982a, b;  Nagy  et  al.  1981);  what  remains  unclear  is  the 
frequency  at  which  these  cells  occur.  Second,  at  least  some  individualiza¬ 
tion  of  the  repertoire  does  occur  in  the  periphery;  unclear  is  again  the 
extent  to  which  the  thymus  contributes  to  the  individualization  (Kast  et  al. 
1984)  . 

Mhc,  Nonresponsiveness,  and  Ir  Genes 

The  second  consequence  of  Mhc  polymorphism  is  the  existence  of  nonres¬ 
ponder  individuals  in  an  outbred  population.  It  so  happens  that  certain 
combinations  of  self  Mhc  molecules  and  antigens  fail  to  be  recognized  by  T 
lymphocytes  and  that  different  individuals,  carrying  different  Mhc  molecules, 
fail  to  respond  to  different  antigens.  Were  the  Mhc  loci  not  polymorphic, 
all  the  individuals  would  give  the  same  patterns  of  responsiveness  to  various 
antigens.  But  because  individuals  differ  in  their  Mhc  molecules,  some 
respond  to  antigen  X  and  Y,  but  not  to  antigen  Z,  others  respond  to  X,  but 
not  to  Y  and  Z,  others  still  to  Z  but  not  to  X  and  Y,  and  so  on,  depending  on 
the  Mhc  genes  they  carry.  By  mating  responders  with  nonresponders  one  can 
show  that  the  responsiveness  is  controlled  by  a  single  Immune  response  or  Ir 
gene  (reviewed  in  Klein  1986).  The  gene  is,  of  course,  identical  with  the 
Mhc  gene  because  it  is  the  Mhc  that  determines  whether  an  individual  will  or 
will  not  respond  to  the  particular  antigen. 
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What  is  the  reason  for  nonresponsiveness?  Why  are  certain  individuals 
unable  to  recognize  the  particular  antigen  in  the  context  of  their  Mhc  mole¬ 
cules?  Two  answers  have  been  given  to  these  questions.  According  to  one 
hypothesis,  a  successful  presentation  of  antigen  to  T  cells  requires  the 
antigen  to  physically  interact  with  the  Mhc  molecule  of  the  APC  (Babbitt  et 
al.,  1985).  Not  all  antigens  can,  however,  associate  with  all  the  Mhc 
molecules.  Those  antigens  that  fail  to  associate  with  the  particular  Mhc 
molecules  are  not  recognized  by  T  cells  and  the  individual  bearing  these 
molecules  is  a  nonresponder  to  the  particular  antigen.  According  to  the 
second  hypothesis,  the  nonresponder  individuals  lack  functional  T  cells  with 
specificity  for  the  particular  antigen  and  self  Mhc  molecules  (Klein  and 
Nagy,  1982) .  The  reason  why  they  lack  them  is  that  these  T  cells  happen  to 
also  recognize  molecules  expressed  in  the  individual  itself  (self  molecules) 
in  the  context  of  self  Mhc  molecules.  To  prevent  autoimmunity,  such  T  cells 
are  inactivated  in  the  tolerance  induction  phase  of  development  and  the 
individual  then  has  a  blind  spot  in  its  T—  cell  repertoire  for  the  cross¬ 
reacting  foreign  antigen  (Klein  1984) . 

Evidence  for  both  hypotheses  has  been  put  forward.  Babbitt  et  al. 

(1985)  have  reported  that  Mhc  molecules  of  responders  to  lysozyme  bind,  in  a 
solution,  lysozymal  peptides  with  a  significantly  higher  affinity  than  Mhc 
molecules  of  nonresponder  individuals  do.  Subsequent  studies  have,  however, 
indicated  that  the  correlation  between  the  responder  status  and  the  affinity 
of  antigen-Mhc  molecule  binding  is  rather  poor,  and  that  in  fact  even  auto¬ 
logous  molecules  bind  autologous  Mhc  molecules  (Phillips  et  al.,  1986; 
Babbitt  et  al.  1986).  The  association  hypothesis  may,  therefore,  explain 
some  instances  of  nonresponsiveness  but  it  does  not  explain  all  the  nonres¬ 
ponsiveness.  Personally,  I  am  convinced  that  even  in  cases  in  which  corre¬ 
lation  between  molecular  associations  and  nonresponsiveness  has  been  demon¬ 
strated,  the  true  reason  for  nonresponsiveness  will  turn  out  to  be  a  blind 
spot  in  the  T-cell  repertoire. 

We  have  provided  evidence  for  the  existence  of  blind  spots  in  the  T- 
cell  repertoire  for  several  antigens  (Ishii  et  al. ,  1983;  Vucak  et  al., 

1983;  Vidovit  et  al.,  1985).  Here,  I  shall  mention  one  of  these,  the  res¬ 
ponse  to  the  synthetic  polypeptide  poly (Glu5°Tyr5°)  or  GT  (Vidovic  et  al., 
1984) .  The  DBA/2  strain  of  mice  responds  to  GT  whereas  the  BALB/c  strain 

does  not,  although  both  strains  carry  the  same  Mhc  haplotype  (H-2d) .  The  F 

hybrid  between  these  two  strains  is  also  a  nonresponder  (Fig.  6)  which  is 
somewhat  unusual  because  normally  responsiveness  to  most  antigens  is 
dominant  and  nonresponsiveness  recessive.  The  fact  that  the  two  inbred 
strains  are  Mhc  identical  permitted  us  to  test  antigen  presentation  by  cells 
from  one  strain  to  T  lymphocytes  of  the  second  strain,  without  running  into 
difficulties  with  the  T  cells  responding  to  the  foreign  Mhc  molecules,  which 
would  normally  be  the  case.  Any  response  observed  when  the  cells  from  the 
two  strains  are  mixed  and  cultured  in  the  presence  of  antigen  should  there¬ 
fore  be  a  response  to  GT  and  not  to  foreign  Mhc  molecules.  The  experiment 
showed  that  DBA/2  (responder)  T  lymphocytes  can  be  stimulated  by  GT 
presented  on  BALB/c  (nonresponder)  APC,  whereas  T  cells  from  a  nonresponder 
are  incapable  of  responding  to  GT  presented  on  responder  APC.  Responsiveness 
or  nonresponsiveness  is  therefore  determined  by  the  T  lymphocytes  and  not  by 
the  APC,  so  that  there  is  no  defect  at  the  antigen  presentation  level;  the 
defect  is  in  the  T-cell  repertoire.  Furthermore,  since  both  the  DBA/2  and 

the  BALB/c  mice  have  the  same  H-2^  haplotype,  it  obviously  cannot  be  the 
association  or  nonassociation  of  Mhc  molecules  with  the  GT  that  determines 
the  nonresponsiveness  to  this  antigen. 
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DBA/2  (H-2d.  S0) 


BALB/c  (H-2d,  S®) 


(0BA/2-  B ALB/c > F,  (H-2d.  S®/Se) 


T<s'  recognizes  2d*S®and  also  2d*GT 


Fig.  6.  T-cell  repertoires  and  responses  of  mice  to  the  synthetic 

2d 

polypeptide  GT.  T<  indicates  a  T  cell  capable  of  recog- 
A  d 

nizing  antigen  A  in  the  context  of  an  H-2  molecule. 
Crossed  symbols  indicate  inactivation  of  T  cells.  Further 
explanation  in  the  text. 


The  difference  in  the  T-cell  repertoire  between  the  DBA/2  and  BALB/c 
strains  of  mice  can  be  explained  thus  (Fig.  6) :  The  BALB/c  mice  express  a 
molecule,  let  us  call  it  simply  S,  which  the  T  cells  recognize  in  the  con¬ 
text  of  H-2d  molecules  (diagrammatically ,  the  T-cell  specificity  can  be  de¬ 
picted  as  T<^  ).  To  avoid  autoreactivity,  these  cells  are  inactivated  during 

S  2d 

the  tolerance-induction  period.  The  T<  cells,  however,  also  recognize,  by 

chance,  GT  in  the  context  of  H-2  and  they  are  the  only  cells  in  this  strain 
that  recognize  this  antigen.  Since  they  have  been  inactivated,  the  BALB/c 
mice  are  nonresponders  to  GT.  In  the  DBA/2  mice,  the  S  molecule  is  either 
not  expressed  or,  more  likely,  is  present  in  an  allelic  form  that  is  not 

recognized  by  the  T<^d  cells.  There  is,  therefore,  no  reason  to  inactivate 
2d  * 

the  T<s  cells  in  these  mice,  and  hence  the  DBA/2  strain  is  a  responder  to 

GT.  In  the  F  hybrid,  both  allelic  forms  of  the  S  molecules  are  expressed 

and  the  SBAL  C  form  inactivates  the  T<^  cells  with  the  result  that  the  F^ 

hybrid  is  a  nonresponder.  Vidovic  (personal  communication)  has  now  identi¬ 
fied  and  mapped  the  locus  coding  for  the  S  molecule  and  determined  the 
tissue  distribution  of  the  S  antigen.  There  can  thus  no  longer  be  any  doubt 
that  the  molecule  exists  and  that  the  explanation  of  nonresponsiveness 
described  above  is  correct. 

I  conclude  that  blind  spots  in  the  T-cell  repertoire  exist  and  are 
responsible  for  nonresponsiveness  to  at  least  some  antigens.  Whether  there 
are  other  reasons  for  nonresponsiveness  besides  the  blind  spots  is  not  cer¬ 
tain.  Unanswered  is  also  the  question  why  the  Ter  recognizes  Mhc  molecules 
in  addition  to  the  antigen  and  why  the  Mhc  genes  are  so  highly  polymorphic. 
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INTRODUCTION 

The  genes  of  the  major  histocompatibility  complex  have  been  iden¬ 
tified  and  analyzed  in  many  species.  Homology  between  species  indi¬ 
cate  that  these  genes  evolved  millions  of  years  ago,  and  that  they  are 
part  of  a  super-gene  family.  Studies  in  man  and  mouse  have  clearly 
identified  at  least  four  classes  of  NHC  genes,  class  I,  class  II, 
class  III  and  class  IV.  The  class  I  genes  code  for  the  classical 
’transplantation  antigens’  which  consist  of  a  45,000  molecular  weight 
chain  associated  with  a  12,000  dalton  &2  microglobulin  and  are 
expressed  on  all  nucleated  cells.  The  class  I  genes  can  be  further 
subdivided  into  those  involved  in  the  rejection  of  transplants  and 
which  serve  as  restriction  molecules  for  cytotoxic  T  lymphocytes  (K, 

D,  L  in  mouse  and  HLA-A,  -B,  -C  in  humans),  and  a  set  of  class  I  genes 
with  unknown  function  (Qa  and  Tla  in  mouse).  The  class  II  genes  code 
for  the  classical  ’la  antigens’  which  consists  of  two  polypeptide 
chains  of  31,000  and  28,000  daltons  in  a  non-covalent  association  and 
expressed  predominantly  on  lymphoid  cells.  These  molecules  are 
involved  in  the  presentation  of  non-self  antigens  and  activation  of 
the  T-helper  cell.  The  class  III  genes  code  for  the  classical 
complement  components  ,  C4,  C2  and  bf.  A  new  set  of  genes  involved 
in  synthesis  of  certain  enzymes  (neuraminidase,  21-hydroxylase),  tumor 
necrosis  factor  and  cytochrome  P450  proteins  are  grouped  as  the  class 
IV  genes.  In  this  paper,  we  will  concentrate  primarily  on  the  organi¬ 
zation  and  polymorphism  of  the  class  II  la  genes. 


GENE  ORGANIZATION 

The  region  of  the  chromosome  coding  for  the  la  genes  is  referred 
to  as  the  I  region.  This  is  due  to  the  fact  that  the  immune  response 
genes  identified  on  the  basis  of  antibody  response  to  synthetic  poly¬ 
peptides  were  mapped  originally  to  this  region  and  the  products  iden¬ 
tified  which  also  map  to  this  region  were  designated  as  la  antigens  or 
Immune  Response  associated  antigens  (Shreffler  and  David,  1975).  As 
shown  in  Figure  1,  four  of  the  la  genes,  Aa,  Ag,  Eg  and  Ea  code  for 


the  polypeptide  chains.  The  a  genes  code  for  a  34,000  dalton  polypep¬ 
tide  while  the  8  gene  codes  for  a  28,000  molecular  polypeptide 
(Cullen,  et  al.  1974).  The  difference  in  molecular  weights  of  alpha 
and  beta  genes  is  due  primarily  to  the  presence  of  an  additional  N- 
linked  carbohydrate  side  chain  on  the  alpha  molecule.  On  the  cell 
surface,  the  la  molecules  are  found  as  a  non-covalent  linkage  of  the 
alpha  and  beta  chains,  Aa  and  Ag  forming  the  I-A  molecule  and  the  Eg 
and  Ea  forming  the  I-E  molecule  (Jones,  et  al.  1978).  The  la  antigens 
were  originally  identified  by  serological  methods,  by  making  specific 
antibodies  against  antigenic  determinants  on  these  molecules  (David, 
et  al.  1973). 


mRNA 


la  GENES  AND  PRODUCTS 

Ap2  A^  *2  •' .1 


V/^AAA  v/^AAA  v/~ 


sS*  AAA  v/SAAA  v/' 


Polypeptide 


Molecule 


Hood  and  his  associates  (1982)  identified  the  la  genes  by  making 
use  of  cDNA  clones  for  human  class  II  genes  that  cross-hybridized  with 
mouse  class  II  genes  as  well  as  synthetic  DNA  probes  whose  sequences 
were  generated  from  protein  data.  By  using  these  probes  in  a  chromo¬ 
somal  walking  technique,  a  cosmid  genomic  library  was  constructed  from 
BALB/c  sperm  DNA  and  approximately  200  kb  of  DNA  was  characterized. 

Ag,  Aa,  Eg  and  E**  lie  within  a  100-140  Kb  of  this  characterized 
region.  A  second  Ag-like  sequence,  Ag2,  was  identified  that  mapped  20 
Kb  centromeric  to  the  Ag  gene.  Ag2  hybridizes  only  to  the  second 
external  protein  domain  of  murine  and  human  class  II  6  genes  and  upon 
sequencing  was  found  to  contain  the  features  of  B  chain  second  domains 
and  other  immunoglobulin-like  domains.  This  gene  was  found  to  be  60* 
homologous  to  three  subsets  of  human  6  chains  as  well  as  the  Ag  chain 
(Larhammar  et  al.  1983).  To  determine  if  Ag2  may  be  functional,  the 
transcription  of  this  gene  was  analyzed.  Ag2  was  shown  to  be 
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transcribed,  polyadenylated,  processed,  transported  to  the  cytoplasm 
and  found  on  membrane-bound  ribosomes  indicating  probable  translation. 
A  protein  has  yet  to  be  detected.  The  pattern  of  expression  of  Ag2 
transcripts  differs  from  the  known  class  II  genes.  Transcripts  were 
detected  in  spleen  and  a  B  cell  hybridoma  as  well  as  in  a  B  cell 
enriched  spleen  population.  No  transcripts  could  be  found  in  either  T 
cell  clones  or  macrophages  with  or  without  induction  by  y-IFN.  The 
sizes  of  Ag2  nuclear  and  cytoplasmic  poly(A)+  transcripts  were 
detected  by  Northern  blots  using  an  oligonucleotide  probe  specific  for 
Ag2-  Five  bands  approximately  5  Kb,  4.5  Kb,  3.2  Kb,  2.3  Kb  and  1.3  Kb 
(which  comigrates  with  Ag^  mRNA)  were  seen.  The  3.2  Kb  RNA  being  the 
most  abundant.  Cytoplasmic  poly(A)'f  RNA  contains  the  smallest  three 
species  of  RNA  (Wake  et  al.  1985). 

The  Eg2  gene  was  identified  in  a  similar  manner  by  hybridizing  to 
3’  DQg  but  not  5*  DQg  or  Egi  probes.  Its  location  was  found  to  be 
between  Eg^  and  Ea.  A  recent  study  of  the  Eg2  gene  shows  it  to  have 
some  similarities  to  other  class  II  genes.  The  leader  peptide,  two 
external  domains  and  a  transmembrane  region  are  encoded  by  separate 
exons  each  flanked  by  appropriate  splice  sequences.  The  precise  iden¬ 
tification  of  the  E«2  IC  and  3’  UT  exons  will  require  isolation  of  an 
Eg2  cDNA.  The  predicted  RNA  contains  a  continuous  open  reading  frame 
coding  for  253  amino  acids.  Several  conserved  sequences  are  found  in 
the  putative  promoter  region  5*  of  exon  one.  Conserved  sequences 
found  up  stream  of  most  other  class  II  genes  analyzed  to  date  (Mathis 
et  al.  1983a;  Kelly  and  Trowsdale,  1985),  are  located  158  and  123  bp 
upstream  of  the  potential  initiation  codon.  A  possible  CAAT  box  is 
found  at  position  -93.  No  TATA  sequence  was  found  at  the  expected 
position  which  is  similar,  however,  to  Ag^  (Malissen  et  al.  1983; 
Larhammar  et  al.  1983).  As  was  seen  in  the  Ag2  sequence,  the  residues 
shared  among  class  II  82  domains  and  immunoglobulin  domains  are 
retained  in  Eg2-  The  overall  sizes  of  the  various  protein  domains  are 
very  similar  as  are  the  intradomain  disulfide-linked  cysteines  present 
in  the  other  class  II  81  and  82  domains.  The  site  which  is  present 
for  the  N-linked  glycosylation  in  other  8  chains  is  absent.  This 
would  not,  however,  preclude  its  surface  expression.  The  homology  at 
both  a  nucleotide  and  amino  acid  level  of  exon  3  is  highest  with  Eg^. 
In  this  respect  Eg2  and  Egi  seem  like  the  non-allelic  DRg  loci  in 
comprising  an  isotypic  family.  The  second  exon,  however,  has  no  clear 
homologue.  The  transmembrane  region  shows  similar  divergence.  An 
analysis  of  the  sequences  of  Eg2  and  restriction  fragment  analysis  of 
other  haplotypes  shows  Eg2  to  be  much  less  polymorphic  than  conven¬ 
tional  class  II  8  genes.  A  transcriptional  analysis  shows  similari¬ 
ties  to  Ag2  in  the  tissue  distribution  of  expression.  Eg2  is  expressd 
only  at  low  levels  in  B  cells  and  is  not  induced  in  macrophage  or 
monocyte  tumor  lines  by  y-interferon.  This  suggests  that  these  class 
II  molecules  could  have  a  distinct  role  in  la  functions  or  are  molecu¬ 
les  with  a  role  in  differentiation  or  regulatory  interactions  of  B 
lymphocytes.  Northern  blot  analysis  shows  four  transcripts  of  3.5, 
2.4,  2.2  and  1.8  found  in  the  B  cell  tumor  CH-1,  MRL  lpr/lpr  spleen 
cells,  and  in  LPS-stimulated  BALB/c  and  C57BL/6  spleen  cells.  Two 
additional  transripts  4.1  and  1.0  Kb  were  found  from  the  B  cell  hybri¬ 
doma  LK-35.2.  All  of  the  transcripts  appear  to  be  typical  of  mature 
mRNA  molecules  in  that  they  were  present  in  cytoplasmic  mRNA  prepara¬ 
tions,  specifically  enriched  by  oligo  (dT)  purification,  and  do  not 
appear  to  contain  intron  sequences  (Braunstein  and  Germain  1986). 


Two  additional  genes,  Agj  and  Eg3  are  thought  to  be  pseudogenes. 
A03  is  located  between  70  to  90  Kb  telomeric  from  the  K  locus 
(Larhammar  et  al.  1983).  The  distance  between  Ag3  and  Ag2  bas 
recently  been  found  to  be  160  Kb  thereby  linking  the  K  region  to  the  I 
region  (Steinmetz  et  al.  1986).  Eg3  has  been  mapped  to  the  S  region 
of  the  b  haplotype,  an  unknown  distance  from  the  gene  (Flavell  et 
al.  1985).  The  distance  between  the  Eq  gene  and  the  S  region, 
however,  has  recently  been  determined  by  pulse  field  electrophoresis 
to  be  70  Kb  (Steinmetz,  Personal  Communication).  The  Ag,  Ag2,  Eg  and 
Eg2  have  the  same  5*  to  3’  orientation  whereas  Aa,  Eq  and  Ag3  have 
tne  opposite  orientation  (Flavell  et  al.  1985).  The  order  of  the 
genes  are  Ag3-Ag2-Ag^-Aa-Egi-Eg2-EcrEg3  from  centromere  to  telomere 
(Germain  and  Malisen,  1986). 


Table  1.  Viable  la  Genes  in  Independent  Haplotypes 


I- 

-ft 

I- 

-E 

Haplotype 

b 

+ 

+ 

+ 

_ 

d 

+ 

+ 

+ 

+ 

f 

+ 

+ 

- 

- 

j 

+ 

+ 

+ 

+ 

k 

+ 

+ 

+ 

+ 

P 

+ 

+ 

+ 

+ 

q 

+ 

♦ 

- 

- 

r 

+ 

+ 

+ 

+ 

s 

+ 

+ 

+ 

- 

ALLELES  OF  THE  la  GENES 

Table  1  lists  9  independent  haplotypes  of  inbred  mouse  strains 
where  the  la  genes  have  been  analyzed.  As  shown,  all  of  them  express 
an  intact  I-A  molecule  which  indicates  that  in  each  of  them  the  Aa  and 
the  Ag  genes  code  for  viable  alpha  and  beta  chains.  Four  haplotypes, 
b,  f,  q,  and  s  fail  to  express  an  intact  I-E  molecule  on  the  cell  sur¬ 
face.  This  is  due  to  a  defect  in  either  or  both  of  the  Eg  and  Eq 
genes.  In  the  b  and  s  haplotype,  the  Eg  gene  codes  for  a  viable  beta 
polypeptide  chain  which  is  found  in  the  cytoplasm  and  can  be  shown  to 
complement  in  F^  mice  bearing  a  functional  E^,  gene  to  yield  a  normal 
I-E  moleucle.  The  Eg  genes  for  the  f  and  q  haplotype  appear  grossly 
normal  by  Southern  blot  analysis  (Steinmetz  et  al.  1982)  with  no  major 
insertions  or  deletion,  but  were  shown  not  to  produce  viable  proteins 
(Jones  et  al.  1981).  They  do,  however,  show  approximately  556  of  the 
normal  level  of  1.3  Kb  Eg-hybridizing  message  in  both  cases.  Whether 
this  reflects  low-level  cross-hybridization  of  an  Eg  probe  to  Ag  rrflNA 
or  low  levels  of  Eg  transcription  has  not  been  determined  (Mengle-Gaw 
and  McDevitt,  1985).  S^  nuclease  mapping  would  need  to  be  performed 
to  rule  out  this  possibility. 
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An  example  of  an  E^Eg"  inbred  strain  is  A.TFR5,  an  CA.CA  x 
A.TL)F^  heterozygote  intra-I  region  recombinant.  These  mice  fail  to 
synthesize  Eg  polypeptide  but  synthesize  normal  levels  of  cytoplasmic 
Ea.  Unexpectedly  surface  Ea  is  expressed  at  10-20%  of  normal  levels 
as  detected  by  lymphocyte  absorption  studies  with  anti-I-E  antisera 
(Murphy  et  al.  1980).  A  recent  explanation  for  this  expression  propo¬ 
ses  an  association  of  the  £<*  polypeptide  with  Ag  (Germain  and  G 
1986)  based  on  the  demonstration  of  such  associations  between  A£ 
molecules  on  the  surface  of  L  cell  transfectants.  The  Eq  gene  of 
b  ana  s  haplotype  is  present  but  is  neither  transcribed  nor 
translated.  Two  independent  studies  utilizing  restriction  fragment 
analysis  showed  a  deletion  of  650  +  50  bp  encompassing  the  first  exon 
and  the  promoter  region  of  this  gene  explaining  this  phenomenon 
(Mathis  et  al.  1983b;  Hyldig-Nielsen  et  al.  1983).  The  explanation 
for  the  lack  of  Ea  polypeptide  in  the  f  and  q  haplotype  has  not  been 
so  straightforward;  both  genes  are  transcribed  although  there  are 
qualitative  and  quantitative  differences  from  normal.  The  q  haplotype 
has  low  levels  of  message  none  of  which  are  the  appropriate  size  for 
mature  mRNA.  The  f  haplotype  expresses  normal  amounts  of  hybri¬ 
dizing  message  composed  of  two  bands  approximately  1.25  Kb  and  2.8  Kb. 
The  1.25  Kb  band  corresponds  with  the  expected  size  of  the  mature  Ea 
mRNA  predicted  from  the  cDNA  sequence.  The  2.8  kb  band  is  presumably 
a  precursor  form  and  was  present  in  RNA  from  k,  d  and  u  haplotype  mice 
in  varying  intensities.  The  f  strain  expresses  predominantly  the  2.8 
Kb  species  with  low  amounts  of  the  mature  message  present.  A  sequence 
of  the  cDNA  for  the  f  strain  revealed  no  obvious  deviations  from  the 
e£  sequence  (Diane  Mathis,  Personal  communication)  suggesting  that  the 
differences  seen  in  both  f  and  q  haplotypes  may  be  problems  in 
appropriate  splicing. 


Similar  observations  have  been  made  in  studies  of  wild  mice  where 
more  than  half  of  the  t-bearing  strains  have  been  shown  to  be  defec¬ 
tive  in  their  expression  of  cell  surface  I-E  molecules  by  monoclonal 
and  polyclonal  antibody  analysis  (Nizetic  et  al.  1984).  As  in  the 
laboratory  inbred  strains,  all  of  the  wild  mice  analyzed  express  an 
intact  I-A  molecule.  A  study  of  these  wild  mice  at  the  level  of 
transcription  and  Southern  blot  analysis  divided  the  defect  into 
several  groups  similar  to  those  found  in  the  inbred  strains  of  mice 
(Dembic  et  a] .  1984).  Most  of  the  strains  analyzed  carry  the  deletion 
pattern  seen  in  the  b  and  s  haplotypes  suggesting  the  Ea  gene  of  all 
these  strains  is  derived  from  the  same  ancestral  gene.  This  mutation 
has  possibly  been  maintained  in  the  mouse  population  for  such  a  long 
time  being  spread  piggyback  fashion  by  the  t  haplotypes.  In  the  few 
strains  which  express  the  Ea  message,  one  appears  to  resemble  the  f 
haplotype  by  having  the  predominant  message  of  the  2.8  Kb  size,  while 
another  appears  different  from  both  f  or  q. 


Ia  EPITOPES 

As  many  as  51  serological  specificities  have  been  defined  for  the 
Ia  loci  within  the  NHC  by  using  monoclonal  and  alloantibodies  each 
recognizing  unique  determinants.  Efforts  have  been  made  in  recent 
years  to  assign  the  particular  chain,  and  even  particular  amino  acid 
sequences  on  individual  chains,  primarily  responsible  for  the  binding 
of  particular  antibodies.  Due  to  the  nearly  90%  homology  at  the 
sequence  level,  the  Eq  genes  cannot  be  distinguished  serologically. 
They  appear  to  express  an  identical  antigenic  determinant. 
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For  the  Aa  and  Ag  chains,  two  different  techniques  have  been  use¬ 
ful  in  assigning  chain  specificities  for  anti-la  monoclonal  antibo¬ 
dies.  These  have  been  the  generation  of  L  cell  transfectant  lines  of 
haplotype  matched  and  mismatched  la  complexes  such  as  A^:A&,  A&:A&, 
AbsA§  and  A§:A^  (Landais  et  al.  1986a)  and  the  development  of  mutant 
cell  lines  expressing  slightly  altered  la  molecules  (Beck  et  al. 

1986).  In  screening  L  cell  transfectants  with  18  mAb  reactive  to  Ak 
but  not  A13  and  26  reactive  to  A^  but  not  Ak  it  was  possible  to  deter¬ 
mine  that  most  of  these  recognize  a  determinant  specified  by  one 
chain;  either  a  or  8.  A  few  determinants,  however,  were  more  complex 
requiring  both  a  and  8  chains  of  the  same  haplotype  for  binding.  By 
the  analysis  of  mutant  cell  lines  five  distinct  epitopes  can  be 
assigned  to  the  A^  polypeptide  including  la. 17  with  three  distinct 
epitopes  for  this  specificity,  and  Ia.l.  In  this  system,  the  la. 17 
specificity  could  not  be  distinguished  from  la. 18.  It  has  been  pro¬ 
posed  that  Ia.l8+  haplotypes  may  be  a  subset  of  the  Ia.l7+  haplotypes 
and  that  structurally  the  la. 18  epitope  may  be  part  of  the  la. 17  epi¬ 
tope.  The  relationship  of  the  la. 2  and  la.  19  epitopes  on  the  Ak 
polypeptide  may  be  of  a  similar  nature  (Beck  et  al.,  1986).  In 
studying  an  I-A^  mutant  DP6  staining  by  mAb  25-9-3  corresponding  to 
allospecificity ,  la. 20  defines  an  epitope  on  the  A^-chain.  Seven 
other  monoclonal  antibodies  recognize  epitopes  on  the  A*3  polypeptide 
divisible  into  three  groups. 

L  cells  expressing  a  hybrid  gene  composed  of  the  exons  for  the 
amino-terminal  domain  and  82,  TM,  IC  exons  from  A$  together  with  Ak 
show  staining  by  I-Ak  specific  antibodies,  indicating  the  importance 
of  this  polymorphic  domain  in  contributing  to  epitopes  on  the  intact 
I -A  molecules  (Germain  et  al.  1985a).  A  different  hybrid  construct 
utilizing  the  81  domain  of  and  the  C2,  TM,  IC  domains  from  H-2Dd 
allows  the  expression  of  the  polymorphic  domain  from  Afe  without  an  a 
polypeptide.  This  showed  the  ability  of  monoclonal  antibody  10-2-16 
specific  for  the  la. 17  specificity  to  bind  the  Bj  domain  without  Ak  or 
the  82  domain.  Three  other  antibodies  were  able  to  show  significant 
binding  but  the  level  was  diminished  in  comparison  to  a  recombinant  A^ 
paired  with  Ak.  Therefore  the  epitopes  for  these  antibodies  depended 
on  the  presence  of  8^  but  additional  affinity  required  the  context  of 
the  rest  of  the  I-A  molecule.  An  additional  group  of  antibodies  were 
unable  to  bind  out  of  context  of  an  la  molecule,  emphasizing  the 
importance  of  chain  tertiary  structure  on  epitope  formation  (McClusky 
et  al.  1985). 

The  localization  of  binding  of  monoclonal  antibodies  has  been 
further  dissected  into  particular  regions  of  a  domain  and  amino  acids 
reponsible  for  the  effect  have  been  determined.  By  creating  hybrid 
molecules  between  the  b  and  k  haplotype  within  the  61  domain,  the 
hypervariable  regions  of  each  haplotype  could  be  monitored  for  their 
role  in  antibody  binding.  In  the  case  of  Aj3  reactive  antibodies, 
control  for  formation  of  the  epitopes  for  six  monoclonal  antibodies 
can  be  mapped  to  the  second  hypervariable  group  in  the  first  domain 
with  residues  57  and  59  potentially  being  the  controlling  amino  acids. 
The  binding  of  the  Ak  monoclonals,  however,  appear  strongly  governed 
by  the  third  hypervariable  group.  By  site  directed  mutagenesis  they 
were  able  to  demonstrate  the  importance  of  glutamic  acid  at  residue  75 
in  forming  the  la. 19  epitope  which  falls  in  this  hypervariable  group 
(Landais  et  al.  1986b).  This  clustering  of  antibody  sites  within  a 
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domain  raises  questions  about  what  determines  the  immunogenicity  of 
molecules  and  may  explain  the  conflicting  estimates  regarding  the 
degree  of  polymorphism  in  the  Aa  chain.  Serologically,  this  chain 
exhibits  very  little  variability  whereas  sequence  analyses  revealed 
high  levels  of  polymorphism  similar  to  that  seen  in  Ag.  The  murine 
immune  system  is  just  not  capable  of  responding  to  all  of  the  Aa 
allelic  variability. 

TRANSCO  IMPLEMENTATION 

Studies  by  Silver  et  al.  (1980)  had  shown  that  in  (H-2k  x 
H-2*3)F^  mice,  four  I-A  molecules  are  expressed.  The  two  molecules 
formed  by  cis-complementation,  A^  a£,  Ag  A§  and  two  by  transcomple¬ 
mentation,  A^1  /\k,  AjSf  A§.  Similar  analyses  showed  that  cross-isotype 
pairing  (e.g.  Eg  Aa,  Ag  Ea)  does  not  occur  (Murphy  et  al.  1980). 

These  findings  led  to  the  view  that  there  is  "free  association"  of 
allelic  variants  within  an  isotype  giving  rise  to  heterozygous  I-A 
molecules  with  a  restriction  on  cross-isotype  pairing.  These  assump¬ 
tions  were  made  despite  data  indicating  this  may  not  always  be  the 
case.  In  most  Fj/s  involving  the  I-E  molecule,  the  gene  can  asso¬ 
ciate  with  most  Eg  chains,  with  one  exception,  the  Ek  chain  failed 
to  associate  with  the  EjJ  chain  (Lafuse  et  al.  1982). a  McNicholas  et 
al.  (1982)  demonstrated0 an  eight-fold  preference  for  Ej^E^  formation 
over  EkEu.  In  addition,  immune  responsiveness  to  pigeon  cytochrome  C 
demonstrated  a  defect  in  response  due  to  the  low  quantity  of  hybrid 
molecules  generated  (Matis  et  al.  1982).  An  attempt  to  explain  the 
anomaly  of  pairing  involving  the  E^  and  Ejj1  was  recently  undertaken  by 
comparing  sequences  for  these  chains  with  previously  described  sequen¬ 
ces  (Ayane  et  al.  1986).  No  glaring  structural  abnormalities  were 
found,  however,  some  u-specific  residues  were  identified  which  may 
play  some  role  in  the  selectivity  for  pairing  observed  in  the  u  haplo- 
type.  In  light  of  additional  studies  on  pairing  to  be  described 
below,  the  u  haplotype  may  reflect  one  extreme  of  a  continuum  in  the 
ability  of  hybrid  la  molecules  to  form.  The  demonstration  of 
expression  of  mixed-isotype  molecules  A^E^/k  in  L-cell  transfectants 
(Germain  and  Quill  1986),  AgDRa  pairing  in  transfected  human 
Epstein-Barr  virus  transformed  lymphoblastoid  cells  and  the  demonstra¬ 
tion  of  Lerner  et  al.  (1980)  of  possible  EgAa  pairing  recognized  by 
the  Y-17  monoclonal  antibody,  all  indicate  a  re-evaluation  of  inter- 
isotypic  pairing  should  be  undertaken  to  determine  the  degree  and 
potential  significance  of  such  inter-isotypic  molecules. 

A  new  view  of  the  process  of  la  chain  pairing  ana  expression  is 
developing  due  to  recent  studies  by  Germain  et  al.  (1985b)  using  la 
gene  transfected  L  cells  showing  differences  in  expression  of  various 
a  and  8  chain  pairs.  A  failure  of  A$:Ak  to  be  detected  by  various 
monoclonal  antibodies  or  a  rabbit  anti-AgAa  heteroantiserum  is  one 
extreme  of  the  spectrum  while  barely  significant  expression  of  A^Ad  is 
detectable  with  the  rabbit  heteroantiserum.  Combination  of  A^:AJ  are 
detectable  with  monoclonal  antibodies  whereas  Aj^Ad  is  barely  evident. 
These  results  indicate  that  particular  a  and  8  alleles  used  in  each 
pair  can  strongly  influence  the  extent  of  membrane  AgAa  expression. 

The  expression  of  A^:f^  cell  surface  molecules  was  detected  by  the 
transfection  of  A^  gene  into  the  Iad  B  lymphoma  M12.4.1  (Germain  et 
al.  1983)  in  contrast  with  the  L  cell  data.  In  re-analyzing  these 
cells,  a  large  excess  of  Aa  chain  can  be  demonstrated  by  Northern  blot 
analysis  and  flow  microfluorimetric  studies.  In  this  situation  there 
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would  be  no  competition  for  the  chain  after  transfection  with  Ajf, 
yielding  sufficient  although  inefficient  membrane  expression  of  the 
A^sA^  molecule.  All  the  appropriate  controls  by  Southern  and 
Northern  analysis  where  done  to  confirm  integration  and  transcrip¬ 
tional  activity  of  the  transfected  genes.  As  has  been  found  for  T 
cell  recognition  and  antibody  binding  sites  in  exon  shuffled  hybrid 
genes  where  the  immunologically  relevant  Ag  determinants  of  I-A^  maps 
to  the  highly  polymorphic  amino-terminal  domain;  the  control  of  the 
haplotype  preference  in  k:d  mixes  also  maps  to  this  domain.  This  was 
shown  by  the  equivalent  expression  of  a  recombinant  molecule  con¬ 
taining  the  NHa-terminal  (81)  domain  of  A&,  with  the  82,  transmembrane 
and  cytoplasmic  portions  of  A'jj  pairing  with  A^  against  A^:A^ 
expression.  This  being  distinctly  different  from  the  negative  results 
of  A^:A^  transfectants. 

According  to  Germain  et  al.  (1985b)  these  data  demonstrate  a  pre¬ 
ference  for  the  association  of  cis-chromosomal  pairs  over  those  com¬ 
posed  of  trans-chromosomal  genes  and  may  explain  the  tight  linkage 
disequilibrium  seen  between  these  a  and  8  genes  so  that  each  pair  may 
co-evolve  for  best  fit  ensuring  a  high  level  of  membrane  la 
expression.  The  case  of  the  b  haplotype,  which  demonstrates  higher 
efficiency  of  hybrid  pairing,  may  be  a  case  where  the  lack  of  E  mole¬ 
cule  expression  has  led  to  a  sacrificing  of  some  efficiency  in  cis- 
pairing  for  better  trans-pairing  in  order  to  maintain  some  variation 
in  total  la  molecules  expressed.  This  would  suggest  other  Ea-null 
haplotypes  should  demonstrate  this  same  permissiveness,  a  testable 
hypothesis.  The  co-evolution  observed  between  Aa  and  Ag  has  not 
occurred  between  Eg  and  Eq  and  it  is  possible  the  low  level  of  poly¬ 
morphism  seen  in  the  Ea  gene  was  derived  from  a  need  for  a 
“generalist"  form  of  E0  capable  of  adapting  to  the  frequent  changes  in 
its  Eg  partner.  The  level  of  these  trans  molecules  being  expressed 
under  the  influence  of  lymphokines  known  to  enhance  la  expression 
during  an  inflammatory  process  may  be  of  suitable  levels  for  efficient 
T  cell  recognition.  This  expression  is  postulated  to  having  a 
possible  role  in  development  of  autoimmune  disease  following  bacterial 
or  viral  infections  as  has  been  noted  in  HLA-DR  linked  diseases  such 
as  juvenile-onset  diabetes  where  heterozygosity  has  been  postulated  to 
play  a  role  (Scholz  and  Albert,  1985).  The  upregulation  during  an 
inflammatory  response  may  increase  the  presentation  of  self  antigens 
in  a  system  defective  of  regulatory  mechanisms  (e.g.  via  suppressor  T 
cells)  capable  of  dampening  such  responses  in  context  of  these  poorly 
expressed,  unique  la  molecules.  Additional  data  regarding  T  cell 
function  in  vivo  will  need  to  be  obtained  to  further  support  these 
hypotheses. 


ALLELIC  POLYMORPHISM 

The  abundance  of  antigens  required  to  be  presented  to  T  cells  in 
conjunction  with  la  molecules  and  the  nature  of  immune  responsiveness 
suggest  a  need  for  these  molecules  to  be  polymorphic  in  nature  to 
optimally  act  as  the  restriction  element.  Analyses  of  la  molecules 
by  serology,  2-dimensional  gel  electrophoresis,  tryptic  peptide 
mapping,  amino  terminal  protein  sequence  determination,  as  well  as 
cellular  assays  such  as  MLR  and  CM.  have  demonstrated  a  large  degree 
of  variability  among  alleles  of  the  beta  chains  and  of  the  Aa  chain 
(Cullen,  et  al.  1976;  Klein  and  Figueroa  1981;  and  Cecka  et  al.  1979). 
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The  use  of  restriction  fragment  analyses  and  nucleic  acid  sequencing 
of  multiple  alleles  of  class  II  genes  have  confirmed  and  refined  this 
knowledge  of  polymorphism.  The  analyses  of  restriction  fragment 
length  polymorphisms  (RFLP)  from  75  strains  of  laboratory  inbred  mice, 
as  well  as  haplotypes  derived  from  wild  mice  would  localize  particular 
gene  loci  of  polymorphism  as  opposed  to  a  polymorphic  region  con¬ 
taining  the  Ag,  Aa  and  Eg  genes  due  to  no  difference  being  found  on 
the  degree  of  polymorphism  between  the  Aa  gene  and  the  Eq,  gene  (Bukara 
et  al.  1985).  This  controversy  will  require  the  sequencing  of  the  Aa 
chains  from  the  wild  strains  of  mice  as  well  as  additional  Ea  genes  to 
determine  the  actual  sequence  polymorphism.  At  this  time,  many  of  the 
alleles  of  the  different  class  II  genes  have  been  sequenced.  From 
this  combined  information,  several  conclusions  can  be  drawn  regarding 
gene  organization  as  well  as  polymorphism.  An  interesting  observation 
is  the  correlation  of  exon  organization  with  functional/structural 
domains.  The  Ea  and  Aa  genes  contain  5  exons  with  separate  exons 
coding  for  the  leader  peptide,  al  and  a2  domains,  a  single  exon  to 
encode  the  transmembrane  and  cytoplasmic  domains  with  part  of  the  3’ 
untranslated  region  and  an  additional  exon  encoding  the  remaining  3’ 
untranslated  region.  The  Ag  and  Eg  genes  contain  six  exons  similar 
in  organization  to  the  alpha  genes  with  the  distinction  of  separate 
exons  coding  the  transmembrane  and  cytoplasmic  domains  (Germain  and 
Malissen,  1986). 

In  comparing  nucleotide  sequences  for  the  8  chains  and  Aa  it  can 
be  seen  that  nucleotide  substitutions  occur  throughout  the  molecules. 
There  is,  however,  a  definite  clustering  of  substitutions  in  the 
region  encoding  the  first  external  domain  of  the  mature  proteins  with 
the  majority  of  these  being  productive.  The  sequences  comparing  E1^ 
and  E*<  show  very  few  nucleotide  differences.  There  are  actually  a 
larger  number  of  differences  between  the  two  published  e£  sequences 
indicating  some  of  the  variance  may  be  due  to  sequencing  errors  or 
genetic  variability  (Hyldig-Nielsen,  et  al.  1983).  Comparison  of  the 
predicted  protein  sequences  for  Aa,  Ag  and  Eg  alleles  shows  that  the 
variability  is  clustered  in  three  or  four  short  stretches  within  the 
first  domain  with  conserved  regions  among  alleles  at  a  particular 
locus  as  well  as  between  a  or  8  loci.  An  example  of  this  is  seen  par¬ 
ticularly  in  the  Ag  loci  where  8.4*  of  the  total  protein  sequence  con¬ 
tains  60*  of  the  variability  (Mengle-Gaw  and  McDevitt,  1985). 

When  the  Ag  is  compared  between  haplotypes  q,  k,  u,  s  and  f,  the 
homology  ranges  between  87-98*  for  the  first  beta  domain.  The  rest  of 
the  gene  shows  a  96*  or  greater  homology.  Further,  the  changes  in  the 
nucleotides  in  the  81  lead  to  productive  changes  causing  amino  acid 
alterations  while  scattered  nucleotide  changes  in  the  rest  of  the  gene 
rarely  lead  to  amino  acid  differences.  This  implies  that  the  variable 
regions  of  the  first  domain  are  specifically  tolerant  to  mutations 
that  alter  amino  acid  sequences  compared  with  the  rest  of  the  mole¬ 
cule.  The  presumed  functions  (processing,  heterodimer  formation, 
membrane  anchoring  and  perhaps  intracytoplasmic  signaling)  of  the  con¬ 
served  domains  appear  to  be  associated  with  limited  structural  hetero¬ 
geneity  (Estess  et  al.  1986).  The  81  and  82  domains  of  Ag  and  Eg 
share  58*  and  65*  of  residues  respectively,  while  the  leader  peptide 
shows  only  31*  homology.  This  difference  may  play  some  role  in  regu¬ 
lating  A  and  E  region  associations.  The  intracytoplasmic  regions  of 
I-Ag  chains  contain  no  phosphorylatable  serines  as  compared  to  Eg 
chains.  This  may  be  a  reflection  of  functional  differences  between 
the  two  types  of  molecules. 
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Figure  2  diagramatically  depicts  the  polymorphic  regions  of  the 
first  domain  of  the  Ag  gene.  Amino  acid  sequence  60-80  is  the  most 
polymorphic  segment  of  the  gene  and  is  different  in  almost  every 
haplotype  studied.  Antibodies  made  between  haplotypes  invariably 
recognize  this  region  of  the  polypeptide.  T  cells  seem  to  recognize 
this  region  in  association  with  other  regions  depending  on  the  confor¬ 
mation.  T  cells  also  recognize  sequences  8-14  as  well  as  80-90. 
Sequence  26  and  28  also  show  some  variability. 


POLYMORPHISM  OF  l-Ap  GENES 
1st  Domain 


The  mechanisms  for  the  generation  of  this  diversity  have  been  ana¬ 
lyzed  and,  the  end  result  may  be  a  composite  of  several  possibilities 
including  multiple  point  mutations  and  copy  substitution  mechanisms. 
There  have  been  many  debates  on  how  the  MHC  polymorphism  arose.  There 
may  be  other  la  genes  that  do  not  code  for  viable  polypeptide  chains 
and  thus  are  not  expressed  on  the  cell  surface.  Mutations  may  occur 
in  these  genes  at  random  and  because  there  is  a  neutral  selection, 
these  mutations  will  survive  and  accumulate.  These  accumulated  muta¬ 
tions  from  the  non-expressed  genes  could  periodically  be  transferred 
to  expressed  genes  by  either  a  gene  conversion-like  copy  mechanism  or 
by  micro-double  recombination.  There  may  be  sites  on  the  la  genes 
where  specific  signals  are  transmitted  for  these  types  of 
interchanges.  Some  regions  may  be  important  in  terms  of  antigen  pre¬ 
sentation  such  as  sequences  65-75  and  80-90  in  the  first  domain. 

Thus,  unique  functional  determinants  are  generated  and  if  there  is  a 
positive  selection  for  the  altered  la  product,  they  will  survive  and 
be  established  in  the  population. 
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Ia  MUTANT  B6.H-2bm12 

In  contrast  to  many  class  I  mutants  which  have  been  identified,  so 
far  only  one  class  II  mutant  has  been  found.  We  believe  this  is 
because  class  II  mutations  do  not  give  rise  to  drastic  alterations 
which  can  be  picked  up  by  skin  grafting  techniques.  Other  methods  to 
try  to  screen  for  class  II  mutants  have  not  been  successful.  The  one 
class  II  mutant  that  is  known,  bml2,  was  identified  by  Melvold,  et  al. 
(1982).  The  mutation  was  mapped  to  the  I-A  subregion  by  McKenzie  et 
al.  (1979)  and  eventually  localized  to  the  Ag  chain  by  McKean,  et  al. 
(1981). 

Tryptic  peptide  maps  revealed  a  limited  number  of  differences 
between  bml2  and  the  parent,  B6  indicating  that  is  is  not  due  to  a 
single  point  mutation,  but  involves  a  minimum  of  three  different  amino 
acid  substitutions.  McIntyre  and  Seidman  (1984)  have  cloned  and 
sequenced  the  gene  coding  for  bml2  Ag  polypeptide  chain.  Three 
nucleotide  substitutions  resulted  in  three  amino  acid  substitutions 
within  a  span  of  5  amino  acids;  isoleucine  at  position  67,  arginine  at 
position  70,  and  threonine  at  position  71,  are  being  substituted  by 
phenylalanine,  glutamine  and  lysine,  respectively.  Two  of  these  amino 
acid  substitutions  (arginine  to  glutamine  and  threonine  to  lysine)  are 
non-conservative  changes  in  the  tertiary  structure  of  the  8  polypep¬ 
tide  chain,  resulting  in  the  observed  alterations  in  the  serology  and 
the  function  of  the  bml2  I-A  molecule.  Amino  acid  sequence  comparison 
also  shows  that  two  of  the  amino  acid  substitutions  found  in  the  bml2 
Ag  chain  are  found  at  the  same  positions  in  several  human  class  II 
beta  chains  (McIntyre  and  Seidman,  1984).  These  comparisons  suggest 
that  the  bml2  mutation  in  the  I-Ag  chain  arose  from  a  gene  conversion 
type  event  in  which  another  class  II  beta  chain  gene  acted  as  a  donor 
sequence.  Comparison  of  the  bml2  nucleotide  substitutions  to  the 
sequence  of  a  cosmid  clone  for  the  I-E^>  gene  have  suggested  that  this 
gene  may  have  served  as  a  donor  sequence  (Widera  and  Flavell,  1984) 
where  a  minimum  of  14  nucleotides  of  the  Ag  gene  are  replaced  by  homo¬ 
logous  information  from  the  Eg  gene  (Figure  3).  The  same  sequence  is 
also  found  in  the  I-E^*1*  chains. 


bm  12  Mutation  :  Gene  Conversion? 
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Vte  were  interested  in  seeing  whether  the  identical  segment  of  the 
Eg  polypeptide  chain  and  polypeptide  chains  can  be  identified  by 

serological  methods.  We  produced  an  antibody  between  the  B6  parent 
and  the  mutant,  bml2.  The  antibody  gave  cytotoxic  reactivity  against 
bml2  and  precipitated  an  la  type  molecule  by  immunoprecipitation.  A 
survey  of  other  strains  showed  that  the  antibody  did  not  react  with 
any  other  Ag  chain  but  did  react  with  Eg  chains  of  the  b,  k,  and  s 
haplotypes.  This  indicated  to  us  that  the  antigenic  determinant 
generated  in  the  bml2  mutation  is  also  found  in  these  Eg  chains  and  we 
designated  this  specificity  as  Ia.5i.  In  the  bml2  mutation,  antigenic 
determinant,  la. 51  has  replaced  the  native  determinant,  la. 8.  Ancient 
serological  studies  had  shown  that  la. 8  is  also  found  in  haplotypes  d 
and  q.  Comparison  of  the  amino  acid  sequences  of  Ag  chains  between  b, 
d,  and  q  indicate  identity  between  sequences  55  to  75.  Further,  the 
sequences  60-70  of  the  Ag  chain  are  identical  in  haplotypes  k,  s  and 
f,  and  possibly  code  for  the  la  determinant,  la. 17  (Estess  et  al. 
1986).  Thus,  this  segment  in  these  haplotypes  might  have  all  been 
donated  from  other  genes  by  gene  conversion  or  copy  mechanism.  On  the 
other  hand,  they  could  have  been  generated  by  microrecombination  bet¬ 
ween  these  haplotypes. 

This  gave  us  an  idea  to  look  for  gene  conversion  type  events  by 
serological  crossreactions.  In  the  early  days  of  la  serology,  it  was 
assumed  that  the  public  specificities  of  la  antigens  are  a  result  of 
serological  crossreactions.  We  have  even  noticed  crossreactions  bet¬ 
ween  the  A  and  E  molecules.  Antibodies  made  against  I-E  sometimes 
crossreact  with  I-A  and  vice  versa.  We  had  attributed  these 
crossreactions  to  evolutionary  homology  between  haplotypes.  Another 
explanation  for  these  crossreactions  could  also  be  recent  gene  conver¬ 
sion  type  exchanges.  In  order  to  use  serological  crossreactions  as  an 
indication  of  gene  conversion  type  events,  we  have  recently  started 
screening  several  monoclonal  antibodies  for  crossreactions  and  to  com¬ 
pare  the  sequence  similarities  between  crossreacting  haplotypes.  One 
such  example  is  given  in  Table  2.  Two  monoclonal  antibodies,  H39-59 
and  H9-15.4,  react  with  the  Ag  chain  of  the  b  and  d  haplotypes  and  Eg 
chain  of  the  b,d,  and  k  haplotype.  The  only  common  residue  we  find 
between  these  five  chains  are  the  sequences  60-67.  The  Ag  chain  from 
the  k  haplotype  differs  only  in  position  64  and  67  and  is  negative  for 
these  antibodies.  These  findings  indicate  that  polymorphism  between 
different  alleles  for  the  class  II  genes  are  generated  by  exchange  of 
genetic  information  at  critical  sites.  At  this  time,  we  cannot  show 
whether  all  of  these  sequences  were  derived  from  the  same  third  party 
donor  or  were  just  a  random  exchange  between  different  alleles. 


Table  2.  Crossreactions  of  Monoclonal  Antibody 
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The  bml2  mutant  has  been  used  by  several  investigators  to  define 
structure/function  relationships  of  the  la  molecule.  Hochman  and 
Huber  (1985)  and  Mengle-Gaw  et  al.  (1984)  have  shown  that  functional 
determinants  are  shared  between  A^^2  anj  ^  polypeptides.  This  is 
based  upon  responsiveness  of  bml2  to  sheep  insulin.  B 6,  the  parental 
strain  of  bml2  is  a  nonresponder  to  sheep  insulin.  Studies  by  Lin,  et 
al.  (1981)  have  shown  that  a  lymphoid  proliferation  response  to  beef 
insulin  in  the  bml2  mutant  is  greatly  reduced  compared  to  the  parent 
86,  while  response  to  other  antigens  (T,G)-A — L,  DNP-OVA,  PPD,  and 
pork  insulin  is  unaffected.  Using  bml2,  Mengle-Gaw  et  al.  (1984)  have 
demonstrated  that  the  I-A  subregion  is  responsible  for  Ir  gene  pheno¬ 
menon  and  mixed  lymphocyte  reaction.  They  have  also  shown  that 
alloreactive  T  cell  clones  recognize  a  determinant  shared  by  A&ml2  and 
molecules.  Based  upon  the  above  findings  it  was  proposed  that,  the 
segment  of  gene  donated  by  E&  maintains  its  functional  determinants  in 
bml2.  However,  this  notion  nas  been  challenged  by  Tse  et  al.  (1985), 
who  used  a  number  of  alloreactive  clones  generated  against  Iai5^2 
antigens.  If  bml2  inherits  a  functional  E&  unit,  these  B6-anti~bml2 
alloreactive  T  cells  should  be  stimulated  By  E&  positive  cells. 
However,  in  their  study  B10.A(5R)  (E&,  e£)  failed  to  stimulate 
B6-anti-bml2  T  cell  clones.  Recently,  Hansen  et  al  (1986)  have  shown 
that  responses  of  B6.C-H-2*3,II^2  to  heterologous  insulins  show  no  corre¬ 
lation  with  the  putative  gene  conversion  but  define  Iaj^m12  as  func¬ 
tionally  unique.  These  findings  strongly  suggest  that  T  cells 
recognize  conformational  determinants  on  la  molecules.  Since  activa¬ 
tion  of  T  cell  depends  on  the  concommitant  recognition  of  la  and  anti¬ 
gen  on  the  surface  of  antigen  presenting  cells,  any  change  in  the 
tertiary  structure  of  the  la  molecule  might  affect  the  immune 
response. 


We  have  used  (B6  x  A.TFR5)F^  mice  to  characterize  the  mutant  la 
determinant  by  T  cells  (Donovan,  et  al.,  submitted  for  publication). 
B6,  being  a  nonexpressor  of  the  I-E  molecule  does  not  express  Er  on 
the  cell  surface.  A.TFR5  has  an  Eg  (Ef)  gene  which  fails  to  make  a 
protein  product.  However,  A.TFR5  synthesizes  a  functional  Ea  poly¬ 
peptide  chain.  The  (B 6  x  A.TFR5)F^  expresses  a  functional  I-E  mole¬ 
cule,  which  is  comprised  of  Ejs  and  E*£.  This  molecule  carries  the 
linear  determinant  which  is  expressed  on  the  surface  of  bml2  lymphocy¬ 
tes.  So,  one  would  predict  that  if  T  cells  do  not  recognize  the  con¬ 
formational  determinants,  bm!2  skin  grafts  would  be  accepted  by  (B6  x 
A.TFR5)F^s.  However,  this  is  not  the  case.  These  F^s  reject  the  bml2 
skin  grafts  as  readily  as  the  B6  strains  do.  It  has  been  proposed 
that  since  B6  and  bml2  mice  fail  to  express  Eg  chains,  the  bml2  gene 
conversion  resulted  in  the  expression  of  a  new  determinant  expressed 
by  bml2  and  not  by  B6  cells.  Hence,  the  reciprocal  grafts  are 
rejected.  Even  though  the  E&  chain  is  expressed  on  the  F^  reci¬ 
pients,  it  recognizes  bml2  determinants  as  foreign  and  causes  the  skin 
graft  rejection. 


To  further  characterize  the  role  of  la  conformation,  we  also 
tested  the  (B6  x  A.TFR5)F|  anti-bml2  proliferative  response.  B6 
anti-bml2  cells  respond  strongly  to  each  other  in  a  primary  mixed 
lymphocyte  response.  If  the  conformational  determinant  is  not  impor¬ 
tant  in  T  cell  recognition  of  an  la  molecule,  one  would  not  expect  a 
(86  x  A.TFR5)F2-anti-bml2  response.  However,  a  strong  mixed  lympho¬ 
cyte  response  is  observed. 
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The  data  presented  here  strongly  supports  the  idea  that  T 
cells  recognize  predominantly  the  tertiary  structure  of  la  in  both 
allogeneic  and  syngeneic  responses.  In  the  bml2  mice,  the  sequences 
from  the  Eg  gene  are  flanked  by  the  sequences  from  Ag.  This  results 
in  a  different  tertiary  structure  than  the  E  molecule  in  mice, 
where  Eg  is  represented  in  its  normal  conformation.  Further,  there  is 
evidence  that  the  association  of  E^  and  e£  chains  generate  new  func¬ 
tional  determinants.  Thus,  the  combinatorial  structure  of  E^e£  in 
(B6  x  A.TFR5)Fi  may  be  different  from  A^ml2Ab  which  would  be  seen  as 
non-self.  So,  “gene  conversion”  like  events  would  create  entirely  new 
restricting  elements.  This  could  explain  why  the  F^  mice  see  the  la 
of  bml2  as  alloantigen  and  mount  both  mixed  lymphocyte  response  and 
skin  graft  rejection. 


HOT  SPOTS  OF  RECOMBINATION 

The  distance  between  genes  on  the  same  chromosome  has  initially 
been  determined  based  upon  the  percentage  of  recombination  between 
genes  where  one  map  unit  (or  centiMorgan)  equals  1%  recombination. 

This  method  of  determining  map  distances  may  have  to  be  re-evaluated 
due  to  the  finding  of  what  may  be  hot  spots  of  recombination.  By 
recombinational  analyses  the  Ag  and  Ea  genes  are  approximately  .1 
centiMorgan  apart  (Snell  et  al.  1976).  This  corresponds  to  about  200 
Kb,  if  recombination  is  random  throughout  the  mouse  genome.  Mapping 
by  aligning  cosmid  clones  determines  this  distance  to  be  more  in  the 
range  of  85  Kb  of  DNA  (Steinmetz  et  al.  1982).  In  analyzing  recom¬ 
bination  events  in  nine  independently  generated  recombinant  congenic 
mice  by  restriction  length  polymorphism,  the  point  of  recombination 
could  be  localized  to  within  a  9.8  Kb  segment  of  DNA  (Steinmetz  et  al. 
1982).  It  has  since  been  shown  that  16  recombinants  map  within  this 
distance  or  less,  and  that  3  of  these  LB10.A(3R),  B10.A(5R)  and 
BIO. GDI  recombined  within  a  1.0  Kb  region  of  the  3’  end  of  the  class 
II  Eg  gene  (Kobori  et  al.  1986).  Eleven  recombinant  mouse  strains 
with  possible  crossovers  in  the  Eg  gene  were  also  analyzed  by  Lafuse 
and  David  (in  press)  in  which  nine  have  been  found  to  have  crossed 
over  in  a  5  Kb  ONA  segment  in  the  middle  of  the  Eg  gene.  This  segment 
contains  the  large  intervening  sequence  between  exons  2  and  3,  within 
which  the  above  mentioned  recombinants  were  mapped.  The  crossing  over 
in  the  other  two  recombinants  maps  in  the  DNA  segment  between  the  Eg 
and  the  E0  gene. 

In  laboratory  mice,  the  recombination  events  between  the  K  and  I 
region  have  a  very  low  frequency  (0.02%)  with  only  three  strains 
described,  A.TL  (Oavid  and  Shreffler,  1972),  B10.AQR  (Klein  1975)  and 
B10.MBR  (Sachs  et  al.  1979).  In  contrast,  the  Mus  musculus  molossinus 
MHC  haplotype  of  the  B10.M0L-GSR  (H-2wm^)  strain  when  crossed  with  a, 
k  or  b  MHC  haplotypes  shows  a  recombination  frequency  of  2.1% 
(Shiroishi  et  al.  1982).  This  suggest  the  presence  of  a  genetic  ele¬ 
ment  in  the  M.m.  molossinus  MHC  that  specifically  enhances  recom¬ 
bination  between  K  and  I  region  genes.  A  similar  enhancement  of 
recombination  between  the  K  and  I  region  involving  the  M.m.  castaneus 
haplotypes  (CAS3  and  CASA)  crossed  with  k  or  b  was  analyzed  using 
restriction  length  polymorphisms  (Steinmetz  et  al.  1986).  Unlike  the 
three  laboratory  strains  which  showed  different  points  of  crossovers 
between  the  K  and  Ag2  genes,  the  eight  recombinants  between  M.m. 
castaneus  and  laboratory  mice  could  be  localized  to  two  regions. 
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Three  recombinants  derived  from  CAS4  and  C3H.Pgk-la  could  be  mapped  to 
a  42  Kb  segment  approximately  45  Kb  distal  to  the  K  gene.  Five  recom¬ 
binants  derived  from  CAS3  were  shown  to  have  crossed  over  within  a 
stretch  of  9.5  Kb  about  50  Kb  upstream  of  the  Ag2  gene.  The  point  of 
recombination  in  the  M.m.  molossinus  mice  will  need  to  be  analyzed  to 
determine  if  they  fall  into  one  of  the  hot  spots  defined  above.  The 
finding  of  hot  spots  between  K  and  I  regions  in  M.m.  molossinus  and 
M.m.  castaneus  but  not  in  M.m.  domesticus  from  which  most  of  the 
laboratory  inbred  strains  of  mice  have  been  derived  suggest  that  par¬ 
ticular  hot  spot  regions  may  be  species  dependent  or  even  haplotype 
dependent . 

In  a  recent  study  by  Lafuse  et  al.  (1986)  a  new  potential  hot  spot 
involving  the  Ea  gene  was  postulated.  This  was  based  on  a  study  of 
nine  recombinant  mouse  strains  involving  the  k  and  p  haplotypes  by 
restriction  fragment  analysis.  It  was  found  that  seven  of  these 
recombinants  had  crossover  points  in  a  12  Kb  DNA  segment  extending 
from  a  Hpa  I  restriction  site  polymorphism  within  the  Eg2  gene  to  a 
Rsa  I  restriction  site  polymorphism  1  Kb  5’  of  the  Ea  gene.  In  a 
further  analysis  of  these  recombinants  by  Lafuse  and  David  (in  press), 
this  distance  was  narrowed  to  a  6  Kb  distance  including  the  Ea  gene. 
The  use  of  the  Dra  I  and  Pst  I  enzymes  localizes  the  crossover  point 
to  the  immediate  Ea  gene  region  between  the  Dra  I  and  Pst  I  sites  in 
the  intron  between  exons  4  and  5  and  the  Rsa  I  and  Pst  I  sites  5’  of 
the  Ea  gene. 

□f  the  nine  recombinants  looked  at,  none  mapped  to  the  previously 
described  hot  spot  in  the  Eg  gene.  The  two  additional  recombinants  in 
this  study  had  crossovers  between  Ea  and  the  S  region.  It  is  possible 
that  this  new  hot  spot  is  a  reflection  of  the  B10.F(13R)  which  was  one 
of  the  parents  in  all  nine  of  these  recombinants.  In  the  Ed  gene 
(Wake  et  al.  1985)  and  seven  recombinant  strains  examined  by  Kobori  et 
al.  (1986),  an  imperfect  four-base  repeat  sequence  (AGGC)n  was  found 
approximately  50  bp  5’  to  the  82  exon  of  the  Eg  gene.  This  sequence 
is  repeated  18  times  in  the  d  haplotype  and  10  times  in  b  and  k  haplo¬ 
types.  Low  homology,  is  found  between  the  repeat  sequence  and  the 
lambda  phage  chi  sequence  (Smith  et  al.  1981),  which  facilitates 
recombination  in  Escherichia  coli.  The  homology  to  the  core  sequence 
of  the  hypervariable  minisatellite  core  sequence  is  more  striking. 

The  hypervariable  minisatellite  sequences  have  been  found  at  regions 
that  are  highly  polymorphic  in  the  human  genome  due  to  allelic 
variation  in  repeat  copy  number  of  the  minisatellite.  It  has  been 
suggested  that  these  minisatellites  are  recombination  hot  spots 
generating  allelic  variability  by  frequent  unequal  crossing-over 
events  during  meiosis  (Jeffreys  et  al.  1985).  In  addition  to  these 
observations,  it  was  also  noted  that  the  repeat  sequence  of  CAGG  was 
closely  related  to  (CGGG)8  which  has  been  proposed  to  be  able  to  form 
Z-ONA  (Ellison  et  al.  1985)  which  may  play  some  role  in  recombination 
events.  An  oligonucleotide  probe  complementary  to  part  of  the  repeat 
sequence  was  used  to  probe  24  BALB/c  cosmid  clones  to  check  for  addi¬ 
tional  copies  of  the  repeat  sequence.  The  two  clones  containing  the 
Eg  gene  hybridized  strongly  to  the  probe.  Other  than  one  clone 
mapping  to  the  K  region  which  hybridized  weakly,  no  other  clone  was 
positive  for  this  oligomer  (Steinmetz  et  al.  1986).  A  40  nucleotide 
fragment  was  used  for  the  same  purpose  with  similar  results  (Kabori  et 
al.  1986).  In  addition,  a  genomic  blot  with  the  repeat  region  as  a 
probe  indicated  a  few  major  hybridizing  bands,  including  one 
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corresponding  to  the  Eg  hot  spot,  and  a  high  background  of  weak 
hybridization.  Due  to  the  highly  conserved  nature  of  the  Ea  genes,  if 
the  sequences  responsible  for  the  increased  recombination  frequency 
seen  in  the  Ea  hot  spot  were  the  same  as  in  the  Eg  hot  spot,  these 
probes  would  have  cross  hybridized  to  the  cosmid  clones  containing  the 
Ea  gene.  Since  no  such  hybridization  is  seen,  any  controlling  sequen¬ 
ces  are  probably  different  for  this  hot  spot. 

Recombination  hot  spots  are  not  unique  to  MHC  genes.  Similar 
regions  of  increased  recombination  frequencies  have  been  found  in  the 
human  8  globin  gene  cluster  (Orkin  and  Kazaziau,  1984;  Chakravarti  et 
al.  1984)  and  the  human  insulin  loci  (Lebo  et  al.  1983).  It  was 
found  that  15%  of  the  recombinations  in  the  63  kb  8  globin  gene 
cluster  occur  within  a  9.1  kb  region.  It  was  estimated  that  the  rate 
in  this  segment  was  approximately  3-30  times  greater  than  the  expected 
rate  (Chakravarti  et  al.  1984).  Restriction  fragment  analysis  of  the 
human  insulin  gene  has  shown  significant  polymorphism  in  restriction 
fragment  lengths  in  both  the  3’  and  5’  regions  of  the  insulin  gene 
(Lebo  et  al.  1983).  This  indicated  that  recombination  occurred  33 
times  more  frequently  than  expected  to  generate  this  polymorphism. 

The  effect  of  crossover  events  in  the  Eg  and  Ea  genes  on  the  func¬ 
tion  of  these  la  molecules  is  probably  minimal.  The  crossover  in  the 
Eg  gene  occurs  between  the  exons  coding  the  first  external  domain 
which  is  polymorphic  in  different  haplotypes  (reviewed  by  Mengle-Gaw 
and  McDevitt  1985)  and  the  second  external  domain  of  the  Eg  polypep¬ 
tide.  Although  the  crossover  event  does  create  a  new  I-Eg  polypeptide 
chain  with  a  different  second  external  domain,  transmembrane  domain 
and  cytoplasmic  domain,  sequence  analysis  has  shown  that  these  domains 
are  relatively  nonpolymorphic.  The  Ea  gene  is  also  nonpolymorphic  so 
that  recombination  within  the  gene  should  not  alter  the  Ea  polypep¬ 
tide.  Thus  there  is  no  obvious  advantage  for  crossovers  at  these 
sites.  However,  recombination  involving  crossing-over  in  general  is 
advantageous  since  it  results  in  the  formation  of  chiasmata  during  the 
first  meiotic  division,  which  is  necessary  for  the  proper  reduction 
segregation  of  homologous  chromsomes.  If  homologous  chromsomes  are 
joined  by  chiasmata  they  remain  associated  as  a  bivalent  during  the 
first  meiotic  division.  However,  if  no  chiasmata  is  formed  the  homo¬ 
logs  may  fail  to  remain  associated  and  segregate  randomly  resulting  in 
aneuploid  gamates. 

Where  cross-over  occurs  is  also  of  evolutionary  importance. 
Eukaryotic  genomes  have  transposable  elements  which  vary  in  location 
and  numbers  and  on  an  evolutionary  time  scale  the  position  is  not  pre¬ 
dictable.  Recombination  between  such  elements  present  in  nonhomolo- 
gous  locations  would  generate  aberrations  such  as  duplications  and 
deficiencies,  resulting  in  the  possibility  of  lethality  due  to  genetic 
imbalance.  Thus,  it  has  been  suggested  by  Carpenter  (1984)  that  the 
normal  recombination  pathway  includes  a  process  that  insures  the  pre¬ 
sence  of  extended  sequence  homology  before  cross-over  can  occur. 
Observance  of  recombination  hot  spots  in  the  H-2  complex  may  be  the 
result  of  such  a  process. 

Finally,  crossovers  produce  new  combinations  of  MHC  genes  which 
must  be  advantageous  to  the  survival  of  the  species.  Having  the 
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crossover  points  at  non-polymorphic  regions  of  the  gene  keeps  the 
first  domain  intact,  thereby  not  disrupting  the  determinants  involved 
in  antigen  presentation.  There  may  be  other  advantages  that  we  are 
not  aware  of  at  this  time. 


REGULATION  OF  la  GENES 

The  tissue  specific  nature  of  class  II  expression  has  been  well 
documented  being  limited  primarily  to  macrophages,  B  cells,  dendritic 
cells  and  thymic  epithelial  cells.  Regulation  of  this  selective 
expression  has  been  analyzed  by  several  different  approaches. 

Examples  of  both  positive  and  negative  regulatory  substances  have  been 
demonstrated  to  affect  cell  surface  expression  of  class  II  antigens. 
IFN-y  has  been  shown  to  have  a  stimulatory  effect  for  both  class  I  and 
class  II  molecules  in  macrophages  (King  and  Jones,  1983),  where  as  in 
B  cells  there  is  no  observable  effect  by  this  lymphokine  (Roehm  et  al. 
1984).  Nuclear  run-on  experiments  in  WEHI-3  cells  indicate  that  IFN-y 
induces  the  transcription  of  la  genes  through  a  complex  induction  pro¬ 
cess  as  indicated  by  the  long  lag  phase  before  increases  are  observed 
(Jones  et  al.,  Personal  Communication).  In  addition,  protein  synthe¬ 
sis  inhibitors  show  a  need  for  de  novo  protein  synthesis  in  the  induc¬ 
tion  of  HLA-DR  genes  indicating  that  y-interferon  induces  the 
synthesis  of  a  regulatory  protein  which  induces  transcription  of  class 
II  genes  (Armaldi  et  al.,  Personal  Communication).  Preliminary 
experiments  using  DNA  fragments  from  the  region  5’  of  the  E^  struc¬ 
tural  gene  have  been  analyzed  by  ’gel  retardation’  assays  utilizing 
nuclear  protein  extracts  from  various  cell  lines.  These  experiments 
have  shown  at  least  one  protein  from  extracts  of  both  IFN-y  induced 
and  uninduced  WEHI-3  cells  that  bind  specifically  to  a  region  approxi¬ 
mately  400  nucleotides  5’  of  the  ATG  of  exon  1  (Blanar  et  al., 

Personal  Communication).  This  finding  is  being  examined  for  its  rela¬ 
tionship  to  Ea  expression.  In  contrast,  LPS  stimulation  of  macropha¬ 
ges  inhibits  the  expression  of  la,  presumably  by  stimulating  the 
production  of  prostaglandins  known  to  be  inhibitory  to  class  II 
expression  (Steeg  et  al.  1982).  The  level  of  la  expression  on  normal 
B  cells  is  heterogeneous  and  may  be  dependent  on  the  maturational 
state  of  the  cells  which  are  la  negative  in  the  Pre-B  cell  as  well  as 
the  plasma  cell  stage.  In  addition  to  IFN-y,  neither  IL-2  nor  IL-3 
has  any  enhancing  effect  on  B  cell  la  expression.  BSF-1,  however, 
does  (Roehm  et  al.  1984;  Polla  et  al.  1986).  The  effect  of  BSF-1  is 
mediated  by  an  induction  of  transcription  of  class  II  genes  within  one 
hour  by  a  mechanism  independent  of  protein  synthesis.  It  is  not 
thought  that  this  effect  is  mediated  through  calcium  fluxes  or  activa¬ 
tion  of  protein  kinase  C  since  treatment  with  agents  such  as  PMA  or 
the  calcium  inophore  A23187  did  not  result  in  class  II  expression. 
Together  these  data  indicate  that  class  II  expression  is  regulated  at 
different  levels  in  various  cell  types. 

Several  studies  have  shown  the  existence  of  interspecies  trans¬ 
acting  factors  having  a  role  in  expression  of  class  II  genes.  This 
has  been  done  by  fusing  a  class  II  negative  human  B-lymphoma  cell  line 
with  murine  la-positive  B  lymphoma  cell  line  (Accolla  et  al.  1985). 
This  factor  is  supplied  by  a  murine  locus  that  maps  to  chromosome  16 
(Accolla  et  al.  1986). 


Structural  studies  have  been  undertaken  in  the  class  I  genes  to 
determine  regulatory  regions  of  importance.  In  an  analysis  of  the  Kb 
gene  by  Israel  et  al.  (1986),  sequenes  responsible  for  the  effect  seen 
by  IFN-y  have  been  localized.  Using  a  series  of  deletion  mutants 
attached  to  the  bacterial  chloramphenicol  acetyltransferase  (CAT ) 
gene,  they  were  able  to  demonstrate  a  need  for  both  interferon 
response  sequences  and  enhancer  A  for  the  IFN  effect  to  occur.  The 
interferon  response  sequences  are  similar  to  the  concensus  sequence 
determined  by  Friedman  and  Stark  (1985)  for  IFN  responsiveness.  A 
similar  study  in  the  miniature  swine  localizes  an  interferon  respon¬ 
siveness  region  to  within  400  bp  of  the  promoter  (Ehrlich  and  Singer, 
Personal  Communication).  In  addition  a  negative  regulatory  element  5’ 
of  this  region  has  also  been  identified.  The  analysis  of  sequences  in 
the  IFN  responsive  region,  however,  does  not  correlate  well  with  the 
consensus  sequence.  Further  studies  will  have  to  be  done  in  class  II 
genes  to  determine  the  regions  responsible  for  IFN  responsiveness.  A 
cell  type  specific  enhancer  element  was  identified  by  Gillies  et  al. 
(1984)  in  the  Eg  gene  by  analyzing  28  Kb  of  Eg  coding  and  flanking, 
sequences  in  a  plasmid  containing  the  gpt  gene.  A  2.0  Kb  region  5'  of 
the  Eg  gene  600  bp  from  the  promoter  region  was  shown  to  contain  the 
enhancing  capability  and  functioned  in  either  orientation  as  has  been 
shown  for  other  enhancer  elements.  This  region  does  not  contain  the 
two  short  sequences  shown  previously  to  be  conserved  between  Eq,  human 
DRjj  genes  and  the  Eg  gene  (Saito  et  al.  1983).  Studies  in  the  Ea  gene 
have  identified  sequences  and  factors  responsible  for  the  expression 
of  this  gene  (Mathis,  Personal  Communication).  Using  mutants  trans¬ 
fected  into  cells  or  in  transgenic  mice,  the  role  of  the  conserved 
“class  II  boxes"  x  and  y  have  been  studied.  The  need  of  sequences  5’ 
of  the  Ea  gene  for  appropriate  tissue  expression  was  demonstrated  by 
transgenic  mice  containing  various  constructs. of  the  gene.  The  use  of 
an  construct  which  contained  only  1.4  Kb  5’  of  the  gene,  showed 
that  tissue  expression  was  altered.  Expression  was  found  only  in  the 
thymus  and  in  splenic  adherent  cells,  and  was  inducible  in  peritoneal 
exudate  cells  by  IFN-y.  This  construct  appears  to  have  separated 
sequences  necessary  for  normal  B  cell  expression  from  those  required 
for  macrophages  and  in  the  thymus  (Blanar  et  al.,  Personal 
Communication).  Other  constructs  such  as  an  8.2  Kb  Bgll  fragment  con¬ 
taining  the  E£  gene  plus  2  Kb  of  DNA  5’  to  the  cap  site  and  1.5  Kb  3* 
to  the  polyadenylation  site  gave  rise  to  normal  tissue  distribution 
(leMeur  et  al.  1985)  as  well  as  mice  made  with  an  E$  construct  con¬ 
taining  less  of  the  3*  region  but  more  of  the  5’  region  (Pinkert  et 
al.  1985).  On  the  basis  of  these  observations  more  defined  sequences 
can  be  identified  for  their  role  in  class  II  gene  regulation. 

In  the  past  five  years  DNA  studies  have  shown  us  many  interesting 
aspects  of  la  genes.  The  in  vitro  studies  have  indicated  many 
restrictions  and  gene  control.  The  functional  studies  are  still  a 
black  box.  There  are  many  controversies  and  contradictions. 

Regardless  of  what  elegant  in  vitro  studies  we  do,  eventually  these 
results  have  to  be  tested  in  vivo.  We  believe  in  the  next  decade, 
transgenic  mice  expressing  injected  la  genes  will  be  the  tool  of 
immunogenetic  research  in  this  area.  We  have  embarked  on  a  major 
effort  to  produce  transgenic  mice.  We  do  not  have  any  data  to  share 
at  this  time,  but  we  will  show  you  the  picture  of  the  first  transgenic 
mice  from  our  lab. 
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Figure  1 
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INTRODUCTION 

It  has  been  appreciated  for  a  number  of  years  that  the 
biosynthesis  and  intracellular  transport  of  class  II  HLA  anti¬ 
gens  is  unusual  compared  to  that  of  the  majority  of  membrane 
glycoproteins  studied.  The  a  and  6  subunits  which  make  up  the 
mature  class  II  antigen  dimer  are  known  to  be  associated  with 
a  third  glycoprotein,  the  invariant  or  I  chain,  during  their 
intracellular  transport  (Jones,  et  al.,  1978;  Machamer  and 
Cresswell,  1982)  .  The  nature  of  this  intracellular  complex  has 
been  difficult  to  elucidate  because  of  its  transient  nature. 

We  have  used  the  sodium  ionophore  monensin  (Tartakoff,  1983) 
to  arrest  class  II  antigen  transport  in  human  B-lymphoblastoid 
cell  lines  (B-LCL) ,  and  have  successfully  isolated  accumulated 
class  II  antigen  biosynthetic  intermediates  using  monoclonal 
antibody  affinity  columns  (Kelner  and  Cresswell,  1986)  .  This 
report  summarizes  our  current  understanding  of  the  nature  of 
these  intermediates. 


PURIFICATION  OF  CLASS  II  ANTIGEN  BIOSYNTHETIC  INTERMEDIATES 

Incubation  of  B-LCL  for  24  hr  in  luM  or  10 uM  monensin 
results  in  no  change  in  cell  surface  expression  of  HLA-DR 
antigens  as  determined  by  quantitative  antibody  binding  assays. 
However,  when  extracts  of  the  cells  in  the  non-ionic  detergent 
Triton  X-100  were  assayed  for  HLA-DR  antigens  by  a  competitive 
radioimmunoassay,  l^M  monensin  was  found  to  have  caused  a  two¬ 
fold,  and  10iiM  monensin  a  five-fold,  increase  in  the  total 
class  II  antigen  content  (Machamer  and  Cresswell,  1984).  By 
analogy  with  other  studies  (reviewed  in  Tartakoff,  1983)  we 
assumed  that  this  accumulation  resulted  from  a  block  in  intra¬ 
cellular  transport  through  the  Golgi  apparatus. 

B-LCL  cultured  for  24  hr  with  10yM  monensin  were  extracted 
with  the  non-ionic  detergent  polyoxyethylene-9-lauryl  ether 
(C  1 2 E 9 ) ,  and  class  II  antigens  isolated  from  the  extracts  by 
affinity  chromatography  using  monoclonal  antibody  columns. 

Class  II  antigen  complexes  were  eluted  at  pHll.O  and  subjected 
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to  gel  filtration  chromatography  using  Sephacryl  S300  equili¬ 
brated  in  0.5%  (w/v)  sodium  deoxycholate,  0.15M  NaCI,  0.01M 
Tris,  pH8.0.  The  predominant  species,  detected  by  radioimmuno¬ 
assay,  eluted  in  the  position  of  a  270,000  dalton  globular 
protein  (Kelner  and  Cresswell,  1986).  This  was  a  minor  species 
in  similar  extracts  from  control  B-LCL  cultured  without 
monensin,  where  the  major  species  had  an  apparent  Mr  of 
approximately  90,000. 


CHARACTERIZATION  OP  THE  CLASS  II  ANTIGEN  COMPLEXES 

Two  dimensional  gel  electrophoretic  analysis  of  the  high 
molecular  weight  class  II  complexes  from  monensin-treated  B-LCL 
followed  by  silver  staining  revealed  the  35,000  dalton  a 
subunit,  the  27,000  dalton  6  subunit,  and  the  31,000  dalton  I 
chain.  The  processed  form  of  the  I  chain,  characterized  by  its 
increased  Mr  of  35,000  caused  by  O-linked  glycan  addition  and 
its  increased  acidity  due  to  sialic  acid  addition  (Machamer  and 
Cresswell,  1984)  was  not  apparent.  These  data  are  consistent 
with  the  interpretation  that  the  high  molecular  weight  complexes 
correspond  to  biosynthetic  intermediates  arrested  during 
transport  through  the  Golgi  apparatus.  Surprisingly,  no  other 
components  were  detectable  which  might  account  for  the  large 
apparent  size  of  the  accumulated  complex. 

Following  the  reports  of  Sant  et  al.  (1983,  1984)  that  a 
chondroitin-sulfate  proteoglycan  could  be  detected  in  immune 
precipitates  of  both  human  and  murine  class  II  antigens,  we 
investigated  the  possible  presence  of  such  a  molecule  in  the 
270,000  dalton  complexes  isolated  from  monensin-treated  B-LCL. 
Class  II  antigen  complexes  isolated  bv  affinity  chromatography 
from  extracts  of  B-LCL  labeled  with  33S-sulfate  had  the  same 
apparent  Mr  of  270,000  when  analysed  by  gel  filtration.  The 
3*S-sulfate  labeled  component  was  dissociated  from  the  class  II 
complex  by  either  6M  urea  or  6M  quanidine-HCl  treatment  and 
analysed  by  gel  filtration  chromatography.  The  mean  apparent  Mr 
by  gel  filtration  in  either  0.5%  (w/v)  deoxycholate  on  Sephacryl 
S300  or  6M  guanidine  HC1  on  Sephacryl  S200  was  approximately 
180,000  (Kelner  and  Cresswell,  1986).  Thus  it  was  concluded 
that  the  sulfate-containing  component  was  a  major  contributor  to 
the  apparent  size  of  the  270,000  dalton  class  II  antigen  biosyn¬ 
thetic  intermediate.  The  sulfate-containing  component  had  a 
lower  apparent  Mr  of  70,000  -  110,000  when  analysed  by  SDS- 
polyacrylamide  gel  electrophoresis  (SDS-PAGE) .  The  difference 
between  the  two  size  estimates  presumably  reflects  the  fact  that 
the  molecule  is  not  a  conventional  globular  protein.  We  were 
able  to  confirm  that  the  sulfate-containing  species  is  a  proteo¬ 
glycan  by  demonstrating  the  susceptibility  of  the  35S-sulfate- 
labeled  side  chains  to  hyaluronidase  (Kelner  and  Cresswell, 

1986)  . 


Because  of  the  substantial  contribution  of  the  proteoglycan 
to  the  size  of  the  class  II  antigen  biosynthetic  intermediate, 
we  reasoned  that  the  entire  complex  was  likely  to  contain  a 
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single  proteoglycan  molecule  in  association  with  a  ,  e  and  I 
chain  subunits.  To  determine  the  stoichiometric  ratio  of  thea,  e 
and  I  chains,  HLA-DR  complexes  were  isolated  from  B-LCL  labeled 
with  3H-leucine  in  the  presence  of  monensin,  and  separated  by 
two  dimensional  gel  electrophoresis.  Fluorographs  of  the  gel 
were  scanned  by  laser  densitometry.  The  relative  amounts  of  the 
three  subunits  were  determined  using  their  respective  leucine 
contents,  which  were  calculated  from  published  cDNA  sequences. 

The  results  of  this  analysis  indicated  that  the  «  ,  8  and  I  chain 
subunits  were  present  in  equimolar  amounts  (Kelner  and  Cresswell, 
1986).  On  the  basis  of  this  data  we  believe  that  the  HLA-DR 
antigen  biosynthetic  intermediate  isolated  from  monensin-treated 
B-LCL  is  a  tetrameric  species  containing  a  proteoglycan  molecule 
and  an  I  chain  molecule  in  association  with  an  aB  heterodimer. 


THE  NATURE  OF  THE  I  CHAIN  ASSOCIATION  WITH  THE  CLASS  II  ANTIGEN 
COMPLEX 

The  ability  of  monensin  to  induce  the  accumulation  of 
biosynthetic  intermediates  of  class  II  antigens  containing  I 
chain  prompted  us  to  investigate  the  susceptibility  of  such 
complexes  to  protease  digestion.  Triton  X-100  extracts  of  B- 
LCL  labeled  with  35S-methionine  in  the  presence  of  luM  monensin 
were  treated  on  ice  for  various  periods  of  time  with  the  non¬ 
specific  protease  proteinase  K  at  10yg/ml.  Proteolysis  was 
terminated  by  the  addition  of  the  serine  protease  inhibitor 
phenyl  methyl  sulfonyl  fluoride.  Class  II  antigens  were 
isolated  from  the  extracts  by  immunoprecipitation  and  analysed 
by  two-dimensional  gel  electrophoresis  and  f luorography. 

After  only  30  seconds  of  exposure  to  proteinase  K  the  I 
chain  was  virtually  quantitatively  degraded  to  a  major  fragment 
of  25,000  daltons.  Further  digestion  reduced  the  size  of  the 
fragment  to  19,500  daltons,  and  ultimately  to  a  stable  size  of 
approximately  18,000  daltons  (Marks  and  Cresswell,  1986).  All 
three  proteolytic  products  retained  reactivity  with  the  I 
chain-specific  monoclonal  antibody  VIC-Y1  (Quaranta  et  al., 
1984)  ,  and  all  retained  the  capacity  to  interact  with  class  II 
antigens,  since  they  were  coprecipitated  by  both  monoclonal  and 
rabbit  antibodies  to  class  II  antigens  with  no  I  chain 
reactivity. 

The  I  chain  fragments  were  extensively  characterized  to 
determine  from  which  region  of  the  I  chain  they  arose.  All 
three  fragments  retained  both  of  the  N-linked  oligosaccharide 
side  chains  of  the  I  chain,  determined  by  susceptibility  the 
enzyme  endoglycosidase  H.  The  larger  fragment  retained  the  0- 
linked  glycans  of  the  I  chain,  but  the  18,000  dalton  limit 
digestion  product  clearly  did  not.  This  was  determined  by 
neuraminidase  treatment  of  similar  fragments  isolated  from  non- 
monensin  treated  B-LCL  followed  by  two  dimensional  electropho¬ 
resis,  and  also  by  determining  the  ability  of  the  fragments  to 
be  bound  by  the  lectin  Bandeireae  simpllclfolia,  isolectin  1, 
which  binds  intact  I  chain  via  its  O-linked  glycans  (Marks  and 
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Cresswell,  1986;  Machamer  and  Cresswell,  1984). 

None  of  the  I  chain-derived  fragments  remained  associated 
with  the  plasma  membrane  following  dissociation  from  the  class 
II  antigens  themselves.  This  was  shown  by  digesting  intact 
membranes  from  35s-methionine-labeled  B-LCL  with  proteinase  K 
in  the  absence  of  detergent.  After  removing  the  insoluble 
membrane  pellet  by  ultracentrifugation  the  I  chain  fragments, 
but  not  intact  I  chain,  were  precipitable  from  the  aqueous 
supernatant  by  rabbit  antibodies  to  the  I  chain  (Marks  and 
Cresswell,  1986).  This  suggests  that  the  fragments  have  lost 
the  transmembrane  region  responsible  for  integrating  the  I 
chain  into  the  membrane.  Lack  of  the  transmembrane  sequence 
was  confirmed  on  the  18,000  dalton  fragment  by  site  specific 
cleavage  at  tryptophanyl  residues  using  the  reagent  o- 
iodosobenzoic  acid,  which  demonstrated  that  a  substantial 
portion  of  the  C-terminal  extracytoplasmic  portion  of  the  I 
chain  beyond  trp  162  was  retained.  Taken  together,  the  data 
suggests  that  the  I  chain  interacts  with  the  class  II  antigen 
complex  via  its  extracytoplasmic  region. 


DISCUSSION 

The  tetrameric  class  II  antigen  complex  containing  I  chain 
and  proteoglycan  has  been  most  completely  characterized  follow¬ 
ing  isolation  from  monensin-treated  cells.  In  these  complexes 
the  N-linked  glycans  of  the  a,B  and  I  chain  subunits  are  sensi¬ 
tive  to  the  enzyme  endoglycosidase  H  (Machamer  and  Cresswell, 

1984) ,  consistent  with  a  block  early  in  Golgi  transport. 

Clearly  then,  the  proteoglycan  becomes  associated  with  class  II 
antigens  at  a  relatively  early  stage  in  biosynthesis.  Sulfation 
of  the  chondroitin  sulfate  side  chains  is  not  inhibited  by 
monensin,  arguing  that  the  synthesis  of  this  particular  proteo¬ 
glycan  in  B-LCL  is  completed  in  the  cis  or  medial  Golgi 
apparatus.  Since  similar  high  molecular  weight  complexes  are 
found  in  non-monensin  treated  B-LCL  labeled  for  four  hours  with 
35S-methionine,  and  in  these  complexes  processing  of  the  N- 
linked  glycans  to  the  complex  form  is  evident,  it  would  appear 
that  the  tetrameric  species  is  transported  intact  through  the 
trans  Golgi  region. 

At  some  point  between  the  trans  Golgi  and  the  plasma 
membrane  the  I  chain  appears  to  dissociate  from  the  HLA-DR 
antigen  complex.  Evidence  for  this  is  that  the  I  chain  cannot 
be  readily  detected  on  the  surface  of  B-LCL  by  either  monoclonal 
antibodies  (Quaranta  et  al.,  1984)  or  rabbit  antibodies  (Accolla 
et  al.,  1985).  The  mechanisms  involved  in  this  dissociation  are 
unknown,  although  exposure  to  an  acidic  environment  may  be 
involved  since  the  lysosomotropic  agent  chloroquine  has  been 
shown  to  inhibit  the  dissociation  step  (Nowell  and  Quaranta, 

1985) .  The  fate  of  the  proteoglycan  remains  to  be  determined, 
although  evidence  in  the  murine  system  suggests  that  some  cell 
surface  la  antigens  remain  associated  with  proteoglycan  (Sant  et 
al. ,  1985a) . 
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The  core  protein  of  the  class  II  antigen-associated  proteo¬ 
glycan  is  either  identical  to,  or  very  closely  related  to,  the 

I  chain  itself  (Sant  et  al.,  1985b,  Giacoletto  et  al.,  1986). 
Evidence  for  this  is  that  the  core  protein,  isolated  following 
removal  of  the  chondroitin  sulfate  side  chains  by  chondroitinase 
digestion  reacts  with  a  monoclonal  antibodies  to  the  I  chain. 

In  addition,  peptide  maps  of  the  genuine  I  chain  and  the  core 
protein  are  very  similar.  Precisely  how  the  I  chain  can  simul¬ 
taneously  exhibit  these  two  forms,  i.e.  proteoglycan  and 
conventional  trans-membrane  glycoprotein,  in  a  single  tetrameric 
complex  with  class  II  antigen  dimers  has  not  been  elucidated, 
and  is  currently  under  intensive  investigation. 

The  function  of  the  I  chain  and  its  proteoglycan  derivative 
remain  completely  unknown.  The  I  chain  does  not  appear  to  be 
required  for  assembly  of  class  II  antigen  ae  dimers  or  their 
subsequent  cell  surface  expression  (Miller  and  Germain,  1986; 
Sekaly  et  al.,  1986).  We  have  speculated  that  the  I  chain  may 
play  a  role  in  the  antigen  presentation  function  of  class  II 
glycoproteins  (Cresswell  et  al.,  1986),  perhaps  regulating  the 
kinetics  of  transport  of  the  class  II  antigen  complex  through 
an  intracellular  compartment  where  critical  interactions  between 
the  class  II  molecules  and  endocytosed  antigens  occur.  Evidence 
for  intracellular  interactions  between  class  II  molecules  still 
associated  with  I  chain  and  the  endocytic  pathway  followed  by 
the  transferrin  receptor  has  been  obtained  (Cresswell,  1985). 
Since  proteolysis  of  internalized  foreign  antigens  may  be  an 
important  component  of  the  antigen  processing  mechanism  of 
antigen  presenting  cells  (Dnanue,  1984)  ,  it  is  conceivable  that 
the  proteoglycan  component  of  the  intracellular  class  II  complex 
may  be  involved  in  protecting  the  class  II  molecule  from 
degradation.  Evidence  for  proteases  in  endosomal  compartments 
of  macrophages  has  in  fact  been  obtained  (Diment  and  Stahl, 

1985) ,  and  such  a  compartment  could  be  that  in  which  the  class 

II  antigen  interaction  with  the  endocytic  pathway  occurs. 
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A  central  role  for  major  histocompatibility  complex  (MHC)  molecules  in 
presentation  of  non-MHC  antigens  to  T  lymphocytes  is  generally  acknow¬ 
ledged.  Among  the  seminal  studies  demonstrating  this  phenomenon  were  those 
of  Shearer  and  associates  demonstrating  that  recognition  of  mouse  target 
cells  by  trinitrophenyl  (TNP)-specif ic  cytolytic  T  cells  required  genetic 
homologies  between  the  killer  and  target  cells  at  H-2  class  I  loci  (rev., 
Shearer  et  al.,  1916).  This  system,  employing  target  cells  surface  modified 
by  hapten  conjugation,  has  proven  particularly  useful  in  subsequent  studies 
of  MHC  restrictions  on  antigen  recognition  by  human  T  lymphocytes.  As  in 
the  mouse,  recognition  of  TNP-modified  target  cells  by  hap ten- specific  cyto¬ 
toxic  T  lymphocytes  has  appeared  to  involve  restrictions  for  class  I  HLA 
homology  (Shaw  and  Shearer,  1978).  The  data  in  human  systems  have  been  sub¬ 
stantially  less  compelling,  however,  with  evidence  in  some  instances  for 
effective  interactions  between  target  and  killer  cells  that  did  not  involve 
obvious  class  I  HLA  homologies  (Shaw  and  Shearer,  1978;  Seldin  et  al., 

1979).  In  contrast  to  target  cell  recognition  by  cytolytic  T-cells,  recog¬ 
nition  of  antigen  by  helper  T-cells  has  generally  required  genetic  homology 
between  antigen-presenting  cells  and  helper  T  cells  (or  B  cells  and  helper  T 
cells)  for  class  II  loci  of  the  MHC  (rev.,  Thomas  et  al.,  1977).  Subse¬ 
quently,  clear  exceptions  have  been  documented  with  respect  to  correlations 
between  functional  activity  and  MHC  restrictions  for  antigen  recognition 
(rev.,  Rich  et  al.,  1986).  On  the  other  hand.  Identification  of  a  dichotomy 
of  T  lymphocytes,  one  subset  of  which  expresses  the  CD4  molecule  (L3T4  in 
mice)  and  the  other  of  Which  expresses  the  CD8  molecule  (Ly2  in  mice),  has 
led  to  a  more  convincing  correlation  between  T-cell  subset  and  MHC  recogni¬ 
tion  requirements  in  antigen  presentation.  That  is,  recognition  of  non-MHC 
antigens  by  CD4+  (L3T4+)  cells  requires  class  II  MHC  homologies  between 
T-cells  and  antigen  presenting  cells,  whereas  recognition  by  CD8+  (Ly2+) 
T-cells  is  MHC  class  I  restricted  (rev.,  Swain,  1983). 


HLA  CLASS  II-RESTRICTED  TNP  RECOGNITION 

Initial  studies  in  human  systems  demonstrated  a  distinct  preference  in 
hapten-specific  proliferative  responses  of  TNP-primed  T  cells  for  recogni¬ 
tion  of  antigen  when  presented  by  hapten-modified  cells  that  were  HLA-D 
region  homologous  with  the  TNP-specif ic  T  cell  responders  (Figure  1).  It  is 
noteworthy,  however,  that  although  proliferation  of  a  population  of  primed 
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hapten-specific  T-cells  was  optimal  when  hapten-modified  allogeneic  stimula¬ 
tors  shared  defined  HLA-D  region  homologies,  significant  proliferative 
responses  were  also  observed  in  instances  where  no  such  homologies  were 
defined.  In  the  interval  since  those  initial  studies,  several  major 
advances  have  permitted  a  reexamination  of  the  issue  of  class  II-restricted 
recognition  by  human  T-cells.  These  have  included  the  development  of  T-cell 
cloning  technology,  which  has  permitted  assessment  of  MHC  restrictions  for 
antigen  recognition  at  the  clonal  level  rather  than  with  bulk  cultures;  the 
identification  of  three  distinct  genetic  regions  of  the  HLA-D  region  that 
encode  molecules  represented  on  the  surfaces  of  antigen-presenting  cells 
(designated  from  the  centromere  DP,  DQ,  and  DR);  and  the  development  of 
monoclonal  antibodies  (mAb)  with  specificity  for  framework  or  polymorphic 
determinants  of  each  of  the  distinct  class  II  molecular  species. 

T  Cell  Clones  in  Analysis  of  Class  II  Restrictions 

Utilizing  cloned  CD4+  T-cell  lines  (TCL),  antigen  recognition  in  the 
context  of  each  of  these  class  II  antigenic  systems  has  been  clearly  demon¬ 
strated.  For  example,  Qvigstad  et  al.  (1984a,  1984b)  reported  that  antigen- 
specific  TCL  recognized  Chlamydia  trachomatis  antigens  in  association  with 
specific  DR  or  DP  allodeterminants.  Eckels  and  coworkers  (1983)  showed  that 
T-cell  clones  could  respond  to  influenza  A  viral  antigens  when  presented  in 
the  context  of  DP-encoded  antigens.  In  addition,  the  DR|32-associated 
epitope  DRw53  has  been  shown  to  function  in  the  presentation  of  mumps  virus 
antigen  (Ball  and  Stastny,  1984a)  and  HLA-DQ  restricted  TCL  specific  for  the 
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HLA  HOMOLOGY  WITH  PRIMED  RESPONDER 

Fig.  1.  D  region  determinant  sharing  between  primed  responder  and  stimula¬ 
tors  correlates  with  the  magnitude  of  the  secondary  THP-conjugate 
proliferative  responses.  D  region  homology  was  determined  on  the 
basis  of  DR  antigens  (e),  or  responses  to  homozygous  typing  cells, 
Dw  (A).  The  p  values  given  above  represent  a  comparison  between 
responses  induced  by  allogeneic  stimulators,  which  shared  HLA 
determinants  with  the  primed  responder,  and  responses  induced  by 
allogeneic  stimulators,  which  did  not  share  HLA  antigens.  From 
Seldin  et  al.,  1979. 


synthetic  peptide  GAT  have  been  identified  (Ball  and  Stastny,  1984b).  Such 
antigen-specific  TCL,  as  well  as  allospecific  TCL,  have  often  recognized 
class  II  determinants  that  did  not  appear  closely  associated  with  serologi¬ 
cally  defined  allospecif icities ;  it  has  been  suggested  that  HLA-Dw  speci¬ 
ficities,  defined  by  alloantigen  recognition  in  mixed  leukocyte  cultures, 
may  correlate  better  than  serologically  defined  specificities  with  restric¬ 
tion  elements  for  T-cell  recognition  of  non-MHC  antigens  (Fleischer  et  al., 
1985).  Furthermore,  it  has  appeared  that  the  majority  of  class  II- 
restricted  TCL  recognize  determinants  associated  with  Dw/DR-associated 
determinants,  rather  than  with  DP  or  DQ  (Ottenhoff  et  al.,  1985). 

Initial  studies  defining  HLA-D  region  restriction  elements  employed  in 
T-cell  recognition  were  based  upon  patterns  of  responsiveness  to  panels  of 
allogeneic  antigen-presenting  cells  with  defined  HLA  homologies  to  the 
responder  TCL.  More  recently  such  studies  have  been  extended  by  utilization 
of  mAb  with  specificity  for  particular  D  region  molecules.  For  example, 

Ball  and  Stastny  (1984b)  defined  the  restriction  specificity  of  a  GAT- 
specific  TCL  to  DQ  based  on  preferential  inhibition  with  a  DQ-specific  mAb 
and  Pawelec  et  al.  (1985)  used  mAb  blocking  to  define  TCL  specific  for 
DP-related  allodeterminants  that  strongly  suppressed  proliferative  responses 
of  cloned  alloantigen-specif ic  cell  lines.  Qvigstad  et  al.  (1984b)  utilized 
mAb  to  analyze  DR-  and  DP-related  determinants  recognized  by  TCL  specific 
for  Chlamydia  trachomatis  antigen.  These  investigators  reported  that 
although  DR-specific  mAb  inhibited  TCL  with  putative  specificity  for  both 
DR81-  and  DR|32-encoded  epitopes,  DP-restricted  TCL  were  nol  signifi 
cantly  inhibited  by  any  tested  mAb  including  two  putatively  DP-specific 
antibodies.  Thus,  although  the  mAb  inhibition  patterns  generally  correlated 
well  with  DR  restriction  specificity,  they  found  this  not  to  be  the  case 
with  respect  to  HLA-DP. 

The  involvement  of  both  DR  and  non-DR  associated  HLA  epitopes  in 
restriction  of  hapten  recognition  by  TNP-specific  TCL  has  similarly  been 
demonstrated  in  studies  from  our  laboratory  (Hanke  et  al.,  1985).  Figure  2 
illustrates  restriction  specificities  of  two  such  cell  lines  employing  a 
panel  of  allogeneic  stimulator  cells.  Proliferation  of  TCL  1B6  (top  panel) 
was  induced  with  few  exceptions  by  hapten-modified  stimulators  that  shared 
the  DRw53  specificity  of  the  cell  line.  In  contrast,  no  DRw53~  allogeneic 
stimulators  were  capable  of  presenting  TNP  effectively  to  this  TCL.  On  the 
other  hand,  TCL  2H10  (lower  panel),  derived  from  the  same  cell  donor,  demon¬ 
strated  apparent  restriction  for  recognition  of  a  DP-associated  determi¬ 
nant.  That  is,  allogeneic  cells  that  shared  the  DP4  specificity  with  the 
cell  donor  were  generally  efficacious  in  hapten  presentation  when  TNP  modi¬ 
fied,  whereas  hapten-conjugated  DP4-  stimulators  were  ineffective. 

Possible  Nonpolymorphic  DP-Associated  Restricting  Element 

In  analysis  of  HLA  specificities  employed  by  a  panel  of  >50  TCL,  an 
additional  novel  pattern  was  established  that  may  in  part  explain  the 
responsiveness  in  bulk  cultures  in  responder  stimulator  cell  combinations 
lacking  defined  HLA-D  region  homologies  (Hanke  et  al . ,  1985).  This  was  the 
identification  of  a  novel  TCL  that  appeared  to  recognize  TNP  on  all  stimula¬ 
tor  cells  tested  (Table  1).  Thus,  although  the  hapten  specificity  of  this 
cell  line  was  readily  demonstrable,  APC  entirely  lacking  HLA  homology  with 
the  cell  line  were  not  consistently  less  effective  stimulators  than  were 
hapten-modified  HLA-matched  or  autologous  stimulators.  To  ascertain  whether 
this  reactivity  pattern  was  the  result  of  more  than  one  clone  of  cells 
within  the  TCL,  responses  of  two  subclones  derived  utilizing  an  autoclone 
attachment  to  a  Coulter  EPICS  V  flow  cytometer  were  characterized.  Both 
subclones  (e.g.,  3A1.1)  responded  to  all  haptenated  stimulators  tested, 
leading  us  to  conclude  that  this  TCL  either  recognized  TNP  in  an  HLA- 
nonrestricted  fashion  or  recognized  the  hapten  in  the  context  of  a  highly 
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Fig.  2.  Restriction  specificity  analysis  of  TLC  G1-1B6  and  G1-2H10  that 
recognize  TNP  in  the  context  of  determinants  closely  associated 
with  DRw53  and  DP4,  respectively.  The  correlation  values  for 
G1-1B6  (top  panel)  were:  DR1  (0.19),  DR7  (0.76),  DRw53  (0.92), 
DQwl  (0.24),  DQw2  (0.81),  DP2  (0.63),  DP4  (0.37).  The  data  repre¬ 
sent  four  separate  experiments  with  autologous  net  responses  of 
23,335  34,063,  14,473,  and  10,147  cpm.  The  correlation  values  for 
G1-2H10  (lower  panel)  were:  DR1  (0.38),  DR7  (0.35),  DRw53  (0.50), 
DQwl  (0.54),  DQw2  (0.46),  DP2  (0.35),  DP4  (0.96).  The  data  are 
from  four  representative  experiments  with  autologous  net  responses 
of  26,054,  31,200,  28,565,  and  21,355  cpm.  Adapted  from  Hanke  et 
al.,  1985. 


nonpolymorphic  HLA  determinant.  Clearly,  this  determinant  could  not  be 
identified  utilizing  allogeneic  panel  analysis.  Moreover,  proliferation  of 
this  cell  line  was  not  inhibited  by  the  DR-specific  mAbs,  L243  and  L227.  In 
contrast,  the  mAbs  Tii35,  Tii39  and  2D6,  each  of  which  reacts  with  both  DR  and 
DP  epitopes,  all  strongly  inhibited  the  clone  suggesting  that  the  TCL  was 
recognizing  a  nonpolymorphic  determinant  on  the  DP  molecule.  To  test  this 
hypothesis,  we  attempted  to  block  the  reactivity  of  this  cell  line  with  the 
DP-specific  mAbs,  B7/21  and  Tii39,  as  well  as  mAbs  with  specificities  for  DP 
and  DR  shared  determinants  (Figure  3).  The  DP-specific  mAb  significantly 
inhibited  responses  of  this  TCL,  although  they  did  not  inhibit  proliferative 
responses  of  any  TCL  restricted  to  DR1,  DR2,  DR5  or  DRw53  (data  not  shown). 
Hence,  it  appears  that  this  T-cell  clone  recognized  a  nonpolymorphic  re¬ 
stricting  element  on  the  DP  molecule.  This  conclusion  was  further  supported 
by  the  fact  that  this  clone  reacted  to  a  hapten-modified  lymphoblastoid 
mutant  cell  line  (variant  526.12.81;  Nicklas  et  al.,  1984)  that  had  dele¬ 
tions  of  one  complete  HLA  haplotype  and  DR  on  the  other  haplotype  (data  not 
shown) . 

Uncertainty  regarding  the  molecular  structure  recognized  by  this  clone, 
however,  leads  to  two  alternative  mechanistic  interpretations.  It  is  possi¬ 
ble  that  TCL  3A1  recognizes  a  direct  hapten  modification  of  the  DP  mole¬ 
cule.  If  so,  TNP  recognition  may  be  mechanistically  indistinguishable  from 
recognition  of  an  MHC  alloantigen,  presumably  reflecting  conjugation  of  TNP 
to  an  essentially  invarient  DP  residue.  On  the  other  hand,  TNP  recognition 
in  this  instance  may  reflect  hapten  modification  of  a  non-MHC  cell  surface 
molecule.  If  so,  it  would  be  expected  to  obey  the  usual  rules  for  recogni- 


46 


Table  1.  A  TNP-Specific  Clone  Recognizing  a  Nonpolymorphic  Determinant 


Stimulator 
cells  DR 

HLA-D  Region  Phenotype 

Clone  3A1  Subclone  3A1.1 

DQ 

DRw52 ,53 

DP 

XRAgS® 

XRAgSb 

SJ 

2,5 

1,3 

52 

2.4 

100 

100 

TF 

2,4 

1,3 

53 

4 

94 

59 

EF 

4,7 

2,3 

53 

NT 

106 

90 

FB 

4 

3 

53 

1,4 

66 

163 

RM 

2,7 

1,2 

53 

1.4 

150 

229 

SR 

3 

2 

52 

1 

152 

165 

RI 

1.2 

1 

NT 

92 

74 

MC 

5 

3 

52 

3 

61 

56 

JM 

4,5 

3 

52,53 

2,4 

NT 

169 

BB 

2,7 

1,2 

53 

4 

93 

MT 

4,7 

2,3 

53 

NT 

106 

RS 

5,7 

2,3 

52,53 

6 

98 

FS 

2,4 

1,3 

53 

4 

175 

Fl 

2,4 

1,3 

53 

3,4 

83 

MR 

2.W6C6.3) 

1,3 

52 

4 

97 

VM 

7 

2 

53 

4 

239 

CG 

1,5 

1,3 

52 

2,3 

83 

RD 

3 

2 

52 

1,4 

136 

GM 

1.7 

1,2 

53 

2,4 

385 

MW 

2,3 

1,2 

52 

1,4 

178 

GG 

1  ,w8 

1,3 

52 

1 

103 

RC 

2.4 

1,3 

53 

2.4 

119 

DH 

3,7 

2 

52,53 

1,4 

76 

DL 

3 

2 

52 

4 

96 

PM 

4,7 

2,3 

53 

4 

317 

MA 

w6 

1 

52 

3.4 

170 

RR 

2  ,w6 

1 

52 

2,3 

76 

SC 

2 

1 

3 

143 

a  The  antigen- specific  response  is  expressed  as  a  percentage  of  the 
relative  antigen  stimulation  (X  RAgS)  where: 

XRAgS  =  net  cpm  to  TNP-modified  minus  unmodified  allogeneic  stimulators  x  100 
net  cpm  to  TNP-modified  minus  unmodified  autologous  stimulators 

The  data  represent  three  separate  experiments  with  autologous  net 
responses  of  56,941,  33,906,  and  14,435  cpm. 
b  The  data  represent  one  experiment  with  an  autologous  net  response  of 
14,680  cpm.  From  Hanke  et  al.,  1985. 


tion  by  CD4+  lymphocytes  in  the  context  of  autologous  class  II  molecules. 
This  alternative  would  thus  suggest  that  nonpolymorphic  areas  of  class  II 
molecules,  at  least  DP,  may  act  as  T-cell  restricting  elements. 


FUNCTIONAL  AND  MOLECULAR  DQ  SUBTYPES 

The  phenomenon  of  linkage  disequilibrium,  particularly  the  very  strong 
positive  linkage  disequilibrium  between  specific  DR  and  DQ  alleles,  may  also 
lead  to  substantial  difficulties  in  assignment  of  T  cell  restriction  speci¬ 
ficities.  This  is  largely  because  characterization  of  DR  serological  poly¬ 
morphism  has  been  significantly  more  detailed  than  that  of  DQ  molecules. 


47 


Fig.  3.  Proliferative  responses  of  TCL  2A1  are  inhibited  by  mAb  with  speci¬ 
ficity  for  HLA-DP.  Each  TCL  was  cultured  with  an  equal  number  of 
irradiated  autologous,  TNP-modif ied  PBMC  for  2  days  in  the  presence 
or  absence  of  antibody.  Proliferation  was  assessed  by  the  addition 
of  ^H-thymidine  for  the  last  20  h  of  culture.  Data  are  expressed 
as  mean  percent  Inhibition  of  control  responses  from  four  experi¬ 
ments  in  the  absence  of  antibody. 


For  example,  the  DQwl  specificity  represents  a  serologically  defined  speci¬ 
ficity  on  DQ  molecules  (Tosi  et  al.,  1978)  that  is  inherited  in  strong  link¬ 
age  disequilibrium  with  DR1,  2,  w6 ,  w8,  and  wlO  (Bodmer,  1977;  Betuel  et 
al.,  1984;  Ferrara  et  al.,  1984).  Nevertheless,  several  studies  have  indi¬ 
cated  that  the  DQwl  specificity  may  comprise  subtypic  specificities  (Giles 
et  al.,  1985;  Trowsdale  et  al . ,  1985;  Shackelford  et  al.,  1981;  Cohen  et 
al.,  1984)  that  may  separately  be  specifically  associated  with  different  DR 
alleles.  Thus,  Southern  blot  hybridization  studies  of  Cohen  et  al.  (1984) 
and  Trowsdale  et  al.  (1985)  have  indicated  that  DQwl  can  be  split  into  at 
least  two  alleles,  one  of  which  is  associated  with  DR1  and  the  other  with 
DR2,  DRw6  and  untyped  DR  alleles. 

In  studies  of  class  II  restricted  hapten  presentation  we  have  investi¬ 
gated  whether  in  some  instances  TCL  apparently  employing  DR-associated 
restricting  elements,  as  assessed  utilizing  allogeneic  stimulator  cell 
panels,  may  instead  require  recognition  of  DQ  epitopes  inherited  in  linkage 
disequilibrium  with  particular  DR  specificities  (Hanke  et  al.,  1986).  Sup¬ 
port  for  this  hypothesis  was  obtained  by  detailed  analysis  of  restriction 
specificities  of  four  TNP-specific  TCL  for  which  effective  antigen  presenta¬ 
tion  was  highly  correlated  with  the  expression  of  DR2  (Table  2).  It  is 
noteworthy,  however,  that  two  of  the  four  cell  lines  (T1C5  and  T3G4)  also 
responded  strongly  to  haptenated  stimulators  GG  (DRwl,w8)  and  KR  (DR3,w6), 
but  not  to  other  DR1+,  DRw6+  or  DRw8+  stimulators  that  did  not  express 
DR2.  Furthermore,  none  of  these  four  cell  lines  could  clearly  be  associated 
with  a  DQ  restriction  specificity  based  upon  serologically  defined  DQ  poly¬ 
morphisms  of  the  stimulator  panel. 

To  gain  insight  into  the  molecular  nature  of  the  class  II  determinants 
recognized  by  these  TCL,  mAb  blocking  studies  were  performed  on  lines  T3F6 
and  T3G4  (Figure  4;).  As  shown  in  panel  A,  TCL  T3F6  was  inhibited  by  the 
DR-specific  mAbs  L243,  L227  and  2D6 ,  but  not  by  the  DQ-specific  mAbs 
Genox  3.53  (anti-DQwl)  or  LeulO.  In  contrast,  TCL  T3G4  (panel  B)  was  only 
inhibited  by  the  DQ-specific  mAbs  Genox  3.53  and  LeulO,  although  the  reac- 
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Table  2.  DR2  and  DQ-Restricted  TNP-Specific  TCL  Derived  From  Individual  TFa 


Stimulator  Phenotype 

Percent  RAkS^  in  T  cell  lines 

cells  DR  DQ 

T1B10C  T3F6<1  TlC5e  T3G4f 

DR2  positive 

TF 

2.4 

1.3 

100 

100 

100 

100 

SJ 

2,5 

1,3 

263 

282 

93 

38 

BB 

2,7 

1.2 

348 

161 

170 

227 

FS 

2,4 

1,3 

277 

145 

210 

279 

MR 

2  ,w6 

1.3 

65 

165 

195 

258 

RM 

2,7 

1,2 

300 

NT 

131 

NT 

R1 

1,2 

1 

35 

452 

16 

NT 

SC 

2 

1 

157 

148 

449 

117 

SF 

2,4 

1.3 

171 

109 

87 

121 

RC 

2.4 

1.3 

130 

109 

197 

100 

RR 

2  ,w6 

1 

NT 

138 

NT 

107 

CR 

2,3 

1,2 

NT 

NT 

NT 

133 

DR2  negative 

GM  1,7 

1,2 

3 

19 

2 

5 

EF 

4,7 

2,3 

<1 

<1 

<1 

1 

RS 

5,7 

2,3 

<1 

6 

<1 

4 

FB 

4 

3 

<1 

<1 

<1 

<1 

CG 

1.5 

1.3 

<1 

20 

<1 

4 

RD 

3 

2 

<1 

<1 

<1 

<1 

OM 

1,7 

1.3 

NT 

<1 

NT 

<1 

GG 

l,w8 

1 

<1 

<1 

156 

91 

AG 

1.3 

1 

NT 

13 

NT 

<1 

IG 

1,3 

1 

NT 

<1 

NT 

<1 

PS 

1  ,w8 

1.3 

<1 

3 

<1 

<1 

WF 

5  ,w8 

3 

<1 

<1 

4 

<1 

RO 

7  ,w8 

2 

4 

5 

5 

<1 

SR 

3 

2 

<1 

5 

<1 

9 

DL 

3 

2 

<1 

13 

<1 

4 

MC 

5 

3 

<1 

NT 

<1 

NT 

RJ 

3,4 

2,3 

<1 

9 

<1 

18 

JM 

4,5 

3 

<1 

1 

<1 

1 

KR 

3  ,w6 

1,2 

NT 

NT 

NT 

148 

MA 

w6 

1 

<1 

9 

10 

4 

PM 

4,7 

2,3 

NT 

5 

NT 

4 

MT 

4,7 

2,3 

NT 

10 

NT 

8 

SQ 

5  ,w9 

2,3 

NT 

8 

<1 

4 

MP 

5,7 

2,3 

<1 

<1 

NT 

NT 

a  From  Hanke  et  al.,  1986. 

b  The  antigen  specific  responses  of  four  TF  derived  TCL  are  expressed  as  a 
percentage  of  the  relative  antigen  stimulation  (%  RAgS)  value  as  de¬ 
scribed  in  Table  1.  The  data  are  pooled  from  different  representative 
experiments  with: 

c  Net  autologous  responses  equal  to  11,932,  12,573,  16,577,  and  14,964  cpm. 

d  Net  autologous  responses  equal  to  3,341,  11,317,  33,264,  and  31,071  cpm. 

e  Net  autologous  responses  equal  to  2,190,  2,379,  4,166  and  4,897  cpm. 

^  Net  autologous  responses  equal  to  8,852,  6,210,  19,540  and  7,024  cpm. 
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MoAb  Specificity  A.  T3F6 
L243 


L227 
2D6 
3.53 
Leu  10 
W6/32 

L243 

L227 

206 

3.53 

Leu  10 

W6/32 


B.  T3G4 


Fig.  4.  MoAb  blocking  of  two  autologous  TMP-specific  TCL  restricted  to 

determinants  associated  with  the  expression  of  DR2 .  Each  TCL  was 
cultured  with  an  equal  number  of  irradiated,  autologous,  THP- 
modified  PBMC  for  2  days  in  the  presence  or  absence  of  antibody. 
Proliferation  was  assessed  by  the  addition  of  3H-thymidine  for 
the  last  20  h  of  culture.  The  control  responses  were  40,402  + 

2,197  cpm  for  TCL  T3F6  and  26,573  +  882  cpm  for  TCL  T3G4.  The  data 
are  presented  as  percent  inhibition  of  the  response  obtained  in  the 
absence  of  antibody.  From  Hanke  et  al . ,  1986. 


tivity  of  this  line  correlated  better  with  DR2  (correlation  of  0.94)  than 
with  DQwl  (correlation  of  0.78).  Antibody  blocking  studies  with  TCL  T1B10 
and  T1C5  demonstrated  similar  inhibition  patterns  to  lines  T3F6  and  T3G4, 
respectively  (data  not  shown).  These  results  suggested  that  TCL  T3F6  and 
T1B10  recognized  a  DR2-related  determinant  on  the  DR  molecule  while  T3G4  and 
T1C5  recognized  a  DQ  molecule  inherited  in  linkage  disequilibrium  with  DR2 
(and  with  some  DRw6  and  DRw8  haplotypes),  but  distinct  from  DQ  found  in 
association  with  DR1.  Moreover,  this  latter  T  cell  recognition  epitope 
appeared  to  be  on  the  same  molecule  as  the  DQwl  determinant  because 
Genox  3.53  inhibited  both  of  these  cell  lines. 

Detection  of  a  subtype  of  DQwl  associated  with  DR2  could  account  for 
the  discrepancy  between  apparent  HLA  restrictions  assessed  by  correlation  on 
allogeneic  panel  analysis  and  by  mAb  blocking.  A  panel  of  DQwl'*'  Epstein- 
Barr  virus  transformed  B-cell  line  stimulators  was  therefore  used  to  analyze 
possible  structural  differences  in  the  DQwl  molecules  expressed  by  DR1,  DR2, 
and  DRw8  cells.  Selected  lines  were  metabolically  labeled  with  PH]- 
tyrosine  and  immunoprecipitated  with  the  DQwl-specif ic  mAb  Genox  3.53. 
Isolated  DQa  and  DQfS  chains  were  then  analyzed  for  tyrosine  residues. 

The  DQa  chains  from  all  the  lines  examined  had  tyrosines  at  positions  9, 

16  and  25  (data  not  shown).  In  contrast,  differences  associated  with  func¬ 
tional  heterogeneity  were  detected  in  the  DQwl  p  chains  precipitated  from 
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9  16 


Fraction  Number 

Fig.  5.  Partial  amino-terminal  amino  acid  sequences  of 

Genox  3.53-reactive  &  chains.  Selected  EBV-transformed 
stimulator  B-cell  lines  were  labeled  with  3H-Tyr,  and  the 
Genox  3.53  (anti-DQwl)  reactive  DQ  P-chaln  molecules  were 
isolated.  The  Tyr  positions  were  determined  by  measuring 
radioactivity  in  sequential  fractions  eluted  from  an  amino 
acid  sequencer.  From  Hanke  et  al.,  1986. 


these  B-cell  lines  (Figure  5).  The  DQP  chains  precipiated  from  two  DR2+ 
cell  lines  that  were  effective  stimulators  of  TCL  T1C5  and  T3G4  contained 
Tyr  at  position  16  (panels  B  and  F) ,  whereas  DQP  chains  from  a  nonstimula¬ 
tory  DR1  homozygous  line  (panel  A)  and  a  nonstimulatory  DRl,w8  line 
(panel  E)  had  Tyr  at  position  9  as  well  as  16.  As  shown  in  panel  C,  the 
DQp  chain  sequence  from  the  effective  stimulator  GG  (DRl,w8)  also  con¬ 
tained  Tyr  at  positions  9  and  16,  but  the  Tyr  peak  at  position  16  was  higher 
than  at  position  9,  demonstrating,  on  the  basis  of  expected  repetitive  yield 
analysis,  that  two  distinct  DQP  polypeptides  were  being  sequenced.  There 
are  two  possible  explanations  for  these  data.  The  first  is  that  one  DQP 
chain  had  a  Tyr  at  position  9  and  the  other  a  Tyr  at  position  16.  This  is 
unlikely,  however,  because  the  DQP  chain  from  subject  AG,  an  offspring  of 
GG  who  inherited  the  DR1  haplotype  from  GG,  also  had  Tyr  at  positions  9  and 
16  (panel  D) .  The  second  and  more  likely  possibility  is  that  one  DQP 
chain  from  GG  encoded  on  the  nonstimulatory  DRl-associated  haplotype  had  Tyr 
at  9  and  16,  while  the  stimulatory  DQ  molecule  associated  with  the  DRw8 
haplotype  had  Tyr  only  at  position  16.  Further  evidence  for  a  functionally 
important  DQwl-associated  polymorphism  correlating  with  stimulatory  capacity 
for  the  DQwl-restricted  TCL  T3G4  and  T1C5  was  provided  by  genomic  analysis 
with  a  DQP  probe  (Wiman  et  al.,  1982).  Utilizing  both  the  Taql  and  EcoRl 
restriction  enzymes,  particular  restriction  fragment  length  polymorphism 
patterns  that  correlated  with  the  stimulatory  capacity  of  these  cell  lines 
were  identified  (data  not  shown).  Unique  restriction  fragments  associated 
with  both  effective  antigen  presentation  and  a  DQp  tyrosine  residue  at 
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position  16,  but  not  at  position  9,  were  present  in  four  DQwl+  stimulatory 
cell  lines  and  were  absent  from  four  other  DQwl+  nonstimulatory  lines. 


These  studies  provide  direct  evidence  that  the  DQwl  specificity  may  be 
divided  into  at  least  two  subtypes  that  are  differentially  recognized  by 
antigen-specific  TCL.  Differences  in  the  primary  sequence  of  the  NH2- 
terminal  region  of  the  DQwl  $  chain  molecule  isolated  from  DR2+  and 
DR1+  lines  were  identified  and  correlated  with  distinct  restriction  frag¬ 
ment  length  polymorphisms  by  genomic  analysis.  More  importantly,  these 
molecular  subtypes  of  DQwl  were  clearly  associated  with  distinct  differences 
in  patterns  of  antigen  presentation.  Together  these  findings  strongly  sup¬ 
ported  the  possibility  that  analysis  of  T-cell  restriction  specificities 
based  exclusively  on  patterns  of  responsiveness  to  allogeneic  stimulator 
cell  panels  could  lead  to  incorrect  interpretations.  They  lead  us  to 
conclude,  moreover,  that  the  relative  frequency  with  which  DQ  molecules  are 
utilized  for  T-cell  stimulation  may  have  been  significantly  underestimated 
due  to  the  inability  to  discern,  with  serological  techniques,  polymorphic 
determinants  on  DQ  that  may  also  correlate  with  TCL  reactivity.  Indeed,  our 
data  have  demonstrated  that  two  of  five  TCL  that  appeared  putatively 
restricted  to  serologically-def ined  DR2-associated  determinants,  in  fact, 
recognized  a  determinant  on  DQwl  molecules. 


SUMMARY 

We  believe  that  the  approach  we  have  utilized  contributes  to  more  com¬ 
plete  understanding  of  the  role  of  HLA  class  II  molecules  in  presentation  of 
antigen  to  T  lymphocytes  and  helps  to  resolve  paradoxes  presented  by  earlier 
studies  in  which  class  II-associated  restrictions  were  not  apparent.  The 
approach  has  depended  upon  development  of  a  library  of  cloned  TCL  reactive 
to  a  particular  haptenic  determinant  in  various  class  II  MHC  contexts.  It 
employed  initial  screening  for  MHC  restriction  by  analysis  on  allogeneic 
stimulator  cell  panels  that  could  be  confirmed  or  clarified  by  antibody 
blocking  experiments  employing  mAb  of  defined  specificities.  This  has  led 
to  clear  identification  of  TCL  restricted  to  recognition  of  TNP  in  the  con¬ 
text  of  each  of  the  major  class  II  molecular  species,  DR,  DQ  and  DP.  It  has 
also  raised  the  intriguing  and  novel  possibility  that  in  some  instances,  at 
least  for  DP,  T-cells  may  employ  restricting  elements,  as  revealed  by  mAb 
blocking,  that  are  either  nonpolymorphic  or  of  very  low  polymorphism. 
Finally,  where  important  functional  polymorphisms  have  been  identified  at 
apparent  variance  from  defined  serological  specificities,  it  has  been  possi¬ 
ble  to  correlate  antigen  recognition  with  molecular  polymorphisms  defined  at 
both  the  protein  level,  by  amino  acid  sequencing,  and  the  genomic  level  by 
restriction  enzyme  polymorphisms.  As  these  approaches  are  combined  with  new 
molecular  genetic  techniques  for  generation  of  novel  class  II  constructs,  it 
seems  likely  that  important,  but  as  yet  unresolved,  questions  relating  to 
the  nature  of  the  ternary  complex  involving  antigen,  MHC  molecule  and  T-cell 
receptor  will  be  resolved. 

Supported  in  part  by  U.S.P.H.S.  Research  Grants  AI15394  and  AI21289. 


REFERENCES 

Ball,  E.  J.,  and  Stastny,  P.,  1984a,  Antigen-specific  HLA-restricted  human 
T-cell  lines.  I.  An  MT3-like  restriction  determinant  distinct  from 
HLA-DR,  Immunoeenetics .  19:13. 

Ball,  E.  J.,  and  Stastny,  P.,  1984b,  Antigen-specific  HLA-restricted  human 

T-cell  lines.  II.  A  GAT-specific  T-cell  line  restricted  by  a  deter¬ 
minant  carried  by  an  HLA-DQ  molecule,  Immunogenetics .  20:547. 


52 


Betuel,  H. ,  Gebuhrer,  L. ,  Schreuder,  G.  M.  T.t  Layrisse,  Z.,  Villena,  A.  A., 
and  Goldman,  S.  F.t  1984,  HLA-DRw8,  in:  "Histocompatibility  Testing 
1984,"  E.  D.  Albert,  M.  P.  Baur,  and  W.  R.  Mayr,  eds.,  Springer- 
Verlag,  New  York. 

Bodmer,  J.  G.,  1977,  la  serology,  in:  "Histocompatibility  Testing  1977,” 

W.  F.  Bodmer,  J.  R.  Batchelor,  J.  G.,  Bodmer,  H.  Fes tens tein,  and 
P.  J.  Morris,  eds.,  Munksgaard,  Copenhagen. 

Cohen,  0.,  LeGall,  I.,  Marcadet,  A.,  Font,  M. ,  Lalouel,  J.,  and  Dausset,  J., 

1984,  Clusters  of  HLA  class  II  8  restriction  fragments  describe 
allelic  series,  Proc.  Natl.  Acad.  Sci.  U.S.A..  81:7870. 

Eckels,  D.  D.,  Lake,  P.,  Lamb,  J.  R. ,  Johnson,  A.  H.,  Shaw,  S.,  Woody, 

J.  N. ,  and  Hartzman,  R.  J.,  1983,  SB-restricted  presentation  of 
influenza  and  herpes  simplex  virus  antigens  to  human  T-lymphocyte 
clones,  Nature.  301:716. 

Ferrara,  G.  B.,  Park,  M.  S.,  Tanigaki ,  N. ,  and  Terasaki,  P.  I.,  1984, 

HLA-DQwl,  in:  “Histocompatibility  Testing  1984,”  E.  D.  Albert,  M.  P. 
Baur,  and  W.  R.  Mayr,  eds.,  Springer-Verlag,  New  York. 

Fleischer,  B.,  Pawelec,  G.,  and  Weraet,  P. ,  1985,  Homozygous  typing  cell- 
defined  HLA-Dw  specificities  correlate  better  than  serologically 
defined  HLA-DR  specificities  with  restriction  elements  for  Influenza 
virus-specific  proliferative  human  T  lymphocyte  clones,  Human 
Immunol ■ .  14:37. 

Giles,  R.  C.,  DeMars,  R. ,  Chang,  C.  C.,  and  Capra,  J.  D. ,  1985,  Allelic 

polymorphism  and  transassociation  of  molecules  encoded  by  the  HLA-DQ 
subregion,  Proc.  Natl.  Acad.  Sci.  U.S.A..  82:1776. 

Hanke,  J.  H. ,  Brown,  M.  F.,  Pollack,  M.  S.,  and  Rich,  R.  R.,  1985,  Class  II 
determinants  recognized  by  TNP-specific  cloned  human  T  cell  lines, 
Human  Immunol . .  14:59. 

Hanke,  J.  H.,  Cook,  R.  G.,  Leone,  J.  W. ,  Van,  M. ,  and  Rich,  R.  R. ,  1986, 

Molecular  characterization  of  a  subtype  of  DQwl  recognized  by  hapten- 
specific  T  cells,  ImmunoRenetics .  24:209. 

Nicklas,  J.  A.,  Mlyachl,  Y.,  Taurog,  J.  D. ,  Wee,  S.,  Chen,  L.,  Grumet, 

F.  C.,  and  Bach,  F.  H.,  1984,  HLA  loss  varients  of  a  B27+  lympho- 
blastoid  cell  line:  Genetic  and  cellular  characterization.  Human 
Immunol . .  11:19. 

Ottenhoff,  T.  H. ,  M. ,  Elferink,  D.  G. ,  Hermans,  J. ,  and  DeVries,  R.  R., 

1985,  HLA  class  II  restriction  repertoire  of  antigen-specific  T 
cells.  I.  The  main  restriction  determinants  for  antigen  presenta¬ 
tion  are  associated  with  HLA  D/DR  and  not  with  DP  and  DQ,  Human 
Immunol ■ .  13:105. 

Pawelec,  G.,  Ziegler,  A.,  and  Wemet,  P.,  1985,  Dissection  of  human  allo- 

stimulatory  determinants  with  cloned  T  cells:  Stimulation  inhibition 
by  monoclonal  antibodies  Tu22,  34,  35,  36,  37,  39,  43,  and  58  against 
distinct  human  MHC  class  II  molecules,  Human  Immunol ■ .  12:165. 

Qvigstad,  E.,  Moen,  T.,  and  Thorsby,  E.,  1984a,  T-cell  clones  with  similar 
antigen  specificity  may  be  restricted  by  DR,  MT  (DC),  or  SB  class  II 
HLA  molecules,  Immunozenetics .  19:455. 

Qvigstad,  E.,  Gaudemack,  G.,  and  Thorsby,  E.,  1984b,  Antigen-specific  T 
cell  clones  restricted  by  DR,  DRw53  (MT3) ,  or  DP  (SB)  class  II  HLA 
molecules.  Inhibition  studies  with  monoclonal  HLA-specific  anti¬ 
bodies,  Human  Immunol ■ .  11:207. 

Rich,  R.  R.,  ElMasry,  M.  N. ,  and  Fox,  E.  J. ,  1986,  Human  suppressor  T 

cells:  Induction,  differentiation,  and  regulatory  functions,  Human 
Immunol . .  17:369. 

Seldin,  M.  F.,  Rich,  R.  R.,  and  Dupont,  B.,  1979,  Human  immune  responses  to 
hapten-conjugated  cells.  II.  The  roles  of  autologous  and  allogeneic 
histocompatibility  determinants  in  proliferative  responses  in  vitro, 

J ■  Immunol . .  122:1828. 

Shackelford,  D.  A.,  Mann,  D.  L.,  van  Rood,  J.  J.,  Ferrara,  G.  B. ,  and 

Strominger,  J.  L. ,  1981,  Human  B-cell  alloantigens  DC1,  MT1,  and  LB12 
are  identical  to  each  other  but  distinct  from  the  HLA-DR  antigen. 


T 


Proc.  Natl.  Acad.  Sci.  U.S.A..  78:4566. 

Shaw,  S.,  and  Shearer,  G.  H.,  1978,  Human  cytotoxic  responses  in  vitro  to 
trlnitrophenyl-modif led  autologous  cells.  II.  Diversity  of  self 
determinants  recognized  in  association  with  TUP,  J,  Immunol..  121:290. 

Shearer,  G.  M. ,  Rehn,  T.  G. ,  and  Schmitt-Verhulst,  A.-M.,  1976,  Role  of  the 
murine  major  histocompatibility  complex  in  the  specificity  of  in 
vitro  T  cell-mediated  lympholysis  against  chemically-modified  autolo¬ 
gous  lymphocytes,  Transplant.  Rev..  29:222. 

Swain,  S.  L. ,  1983,  T  cell  subsets  and  the  recognition  of  KHC  class, 

Immunol .  Rev..  74:129. 

Thomas,  D.  W. ,  Yamashita,  U.,  and  Shevach,  E.  M. ,  1977,  The  role  of  la 
antigens  in  T  cell  activation,  Immunol ■  Rev. .  35:97. 

Tosi,  R. ,  Tanigaki,  N. ,  Centis,  D.,  Ferrara,  G.  B. ,  and  Pressman,  D.,  1978, 
Immunological  dissection  of  human  la  molecules,  J .  Exp ■  Med . . 

148:1592. 

Trowsdale,  J.,  Young,  J.  A.  T.,  Kelly,  A.  P.,  Austin,  P.  J.,  Carson,  S., 

Meunier,  H. ,  So,  A.,  Erlich,  H.  A.,  Spielman,  R.  S.,  Bodmer,  J.,  and 
Bodmer,  W.  F. ,  1985,  Structure,  sequence  and  polymorphism  in  the 
HLA-D  region,  Immunol.  Rev..  85:5. 

Wiman,  K. ,  Larhammar,  D.,  Claesson,  L. ,  Gustafsson,  K. ,  Schenning,  L. ,  Bill, 
P.,  Bohme,  J.,  Denaro,  M. ,  Dobberstein,  B. ,  Hammerling,  U. ,  Kvist, 

S. ,  Servenius,  B. ,  Sundelin,  J.,  Peterson,  P.  A.,  and  Rask,  L.,  1982, 
Isolation  and  identification  of  a  cDHA  clone  corresponding  to  an 
HLA-DR  antigen  fi  chain,  Proc.  Matl.  Acad.  Sci.  U.S.A..  79:1703. 


54 


T-CELLS  RECOGNIZE  IA  CONFORMATION  IN  THE 


INTERACTION  WITH  ANTIGEN  PRESENTING  CELLS 


Harley  Y.  Tse,  Ted  H.  Hansen,  Shirley  C-C.  Lin 
and  Alan  S.  Rosenthal 

Department  of  Immunology  and  Microbiology,  Wayne  State 
University  School  of  Medicine,  Detroit,  MI.,  Department  of 
Genetics,  Washington  University  School  of  Medicine,  St. 
Louis,  MO.,  Department  of  Immunology,  Merck,  Sharp  &  Dohme 
Research  Lab.,  Rahway,  NJ.,  and  Research  and  Development, 
Boehringer  Ingelheim  Pharmaceutical,  Inc.,  Ridgefield,  CT. 


INTRODUCTION 

The  presentation  of  soluble  antigens  by  antigen  presenting  cell  (APC) 
to  T-cells  requires  that  the  antigen  be  recognized  in  the  context  of  an  la 
determinant  (Shevach  and  Rosenthal,  1973).  Although  the  T  cell  antigen 
receptor  has  been  identified  and  sequenced  (Hedrick  et  al.,  1984;  Fink  et 
al.,  1986),  the  nature  of  the  ligand  that  triggers  the  T  cells  remains 
unclear.  The  early  experiments  of  Lin  et  al.  (1981)  and  Michaelides  et 
al.  (1983)  using  the  IA  mutant  strain  of  mouse  B6 .C-H-2^1111  ^  (bml2) 
demonstrated  that  limited  alteration  of  the  la  molecule  concomitantly  led 
to  changes  in  the  response  pattern  of  T-cells  to  soluble  antigens. 
Specifically,  it  was  shown  that  bral2  lost  immune  responsiveness  to  the 
antigens  beef  insulin  and  H-Y  while  their  responses  to  other  antigens 
remained  normal  when  compared  to  the  wild  type  C57BL/6.  Besides  providing 
convincing  evidence  equating  la  to  the  J_r  gene  product,  these  experiments 
also  suggest  that  there  are  multiple  funcitonal  domains  (Beck  et  al., 

1983)  on  the  la  molecule  that  by  some  unknown  mechanisms  determine  respon¬ 
siveness  to  certain  antigens.  Indeed,  this  conclusion  is  consistent  with 
other  studies  using  a  variety  of  approaches  such  as  monoclonal  antibody 
blocking  (Frelinger  et  al.,  1984),  site-directed  mutagenesis  (Cohen  et 
al.,  1986),  in  vitro  selection  of  variant  APC  lines  (Glimcher  et  al., 
1983b)  and  inhibition  of  specific  antigen  response  with  structurally 
related  co-polymers  (Benacerraf  and  Rock,  1984).  More  recently,  Babbitt 
and  coworkers  (1985)  using  biochemical  methods  demonstrated  a  weak  but 
measurable  physical  association  between  a  hen  egg  lysozyme  antigenic 
fragment  and  purified  la  molecules.  This  association  was  demonstrated  for 
la  derived  from  responder  strains  but  not  that  from  non-responder  strains. 
In  another  analysis,  Ashwell  and  Schwartz  (1986)  also  provided  arguments 
that  antigen  and  la  physically  interacted  to  form  a  ternary  complex 
recognizable  by  the  T-ceil  antigen  receptor. 

With  the  notion  that  there  are  indeed  multiple  functional  domains  on 
the  la  molecule,  we  performed  experiments  to  investigate  the  relative 
importance  of  these  association  sites  in  determining  immune  respon¬ 
siveness.  Our  results  demonstrate  that  the  T-cell  receptor  recognizes  a 
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structural  form  of  an  la  epitope  rather  than  its  sequence.  In  this  com¬ 
munication,  we  will  first  summarize  the  results  of  a  series  of  experiments 
establishing  the  bml2  mutation  site  as  the  predominant  site  on  the  la 
molecule  for  interaction  with  the  T-cell  receptor  and  then  provide  evi¬ 
dence  leading  to  the  concept  of  T-cell  recognition  of  la  conformation. 

CLONAL  ANALYSIS  OF  ANTIGEN-SPECIFIC,  Ia-RESTRICTED  T-CELL  RECOGNITION 

As  discussed  earlier,  bml2  mice  was  found  to  have  an  altered  immune 
response  to  a  selected  group  of  antigens  under  I-A*3  gene  control. 
Conceptually,  the  most  straightforward  prediction  would  be  that,  in  such 
responses  an  la  determinant  was  used  that  was  affected  by  the  bml2  muta¬ 
tion.  Since  it  had  been  shown  biochemically  that  the  bml2  mutation 
involved  limited  alteration  in  the  Aj3  chain  (McKean  et  a.,  1981;  Lee  et 
al.,  1982;  McIntyre  and  Seidman,  1984),  the  fact  that  bml2  responded  to 
other  antigens  such  as  GAT  and  TGAL  at  levels  as  high  as  B6  was  taken  to 
mean  that  the  la  determinant  used  to  associate  with  these  antigens  lied 
outside  the  bml2  mutation  site.  If  this  were  the  case,  then  B6  T  cells 
responding  to  such  antigens  could  be  presented  antigens  in  association 
with  either  B6  or  bml2  APC  via  a  conserved  la  determinant.  This  hypothe¬ 
sis  was  tested  by  raising  a  series  of  antigen-specific  T-cell  clones.  T- 
cell  clones  were  used  in  order  to  avoid  allogeneic  stimulation  in  jai  vitro 
cultures.  In  our  studies,  T  cell  clones  were  isoalted  by  the  soft  agar 
method  as  described  by  Sredni  et  al.  (1981).  Briefly,  animals  were  immu¬ 
nized  to  antigen  in  complete  Freund's  adjuvant  in  the  hind  foot-pads  and 
at  the  base  of  the  tail.  After  7—10  days,  the  popliteal,  inguinal  and 
para-aortic  draining  lymph  nodes  were  isolated,  teased  into  single  cell 
suspension  and  passed  over  nylon-wool  columns.  The  T  cells  so  obtained 
were  cultured  in  24-well  plates  in  the  presence  of  antigen  and  APC.  After 
5  days,  cells  were  harvested  and  seeded  in  soft  agar  containing  syngeneic 
irradiated  spleen  cells  and  antigen.  Colonies  were  picked  between  days  3 
to  5  and  were  cultured  in  complete  RPMI  medium  supplemented  with  IL-2 
together  with  antigen  and  irradiated  spleen  cells  in  96-well  round- 
bottomed  microculture  plates.  Colonies  thus  generated  were  tested  for 
activities  in  the  T  cell  cell  prol i ferat ive  assay. 

In  the  first  series  of  experiments,  six  B6  PPD-specific  T-cell  clones 
were  established  (Kanaraori  et  al.,  1984).  These  clones  were  tested  for 
their  ability  to  proliferate  in  the  presence  of  PPD  presented  by  either  B6 
or  bml2  APC.  Results  showed  that  five  of  the  six  clones  proliferated  only 
when  B6  APC  were  present  (type  1  clones).  There  was  absolutely  no 
response  when  bml2  APC  were  used.  The  sixth  clone,  however,  did  respond 
to  antigen  presented  by  either  APC  (type  2  clones).  Thus,  certain  but  not 
all  antigen  specific  T-cell  clones  have  the  capability  to  discriminate 
between  B6  and  bml2  presenting  cells.  The  number  of  clones  obtained  was 
too  few  to  allow  a  meaningful  statistical  analysis. 

It  had  previously  been  shown  that  bral 2  expressed  two  to  three  times 
less  surface  la  when  compared  to  B6  cells  (Melino  et  al.,  1983).  This 
quantitative  difference  of  la  expression  may  account  for  the  fewer  number 
of  clones  capable  of  responding  to  bml2  APC.  To  investigate  this  possibi¬ 
lity,  ant igne-spec if ic  T-cell  clones  from  bral2  me ie  have  also  been 
established.  bml2  mice,  like  B6,  are  responders  to  the  antigen  GAT.  In 
this  paticular  experiment,  bml2  mice  were  immuniz*ed  to  GAT  and  a  total  of 
27  clones  were  isolated.  These  clones  were  all  specific  for  the  antigen. 
The  clones  were  similarly  tested  for  their  ability  to  respond  to  antigen 
in  the  context  of  la*3  and  ia*™*^.  Not  surprisingly,  the  27  clones  could 
again  be  distinctly  categorized  into  two  groups.  As  exemplified  in 
Table  I,  type  1  clones  represented  by  clones  #91F7  required  that  the 
antigen  be  associated  with  iabml2  and  not  la*3.  On  the  other  hand,  type  2 
clones  represented  by  clone  #87F11  did  not  distinguish  la*3  from  la*3™*  . 
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Table  I.  Proliferative  responses  of  two  types  of  bml2  GAT-specific  T 
lymphocyte  clones  to  antigen  presented  by  various  APC 


C  lone 

Source  of 

H-2 

Prol i ferat ive 

Responses  (cpm) 

# 

APC 

K  A  J  E  S  D 

Medium 

GAT 

91F7 

— 

821 

922 

B6 

b 

b 

b 

b 

b 

b 

1035 

1355 

bml  2 

b 

b* 

b 

b 

b 

b 

1124 

88463 

BIO. A(4R) 

k 

k 

b 

b 

b 

b 

496 

572 

B10.A(5R) 

b 

b 

k 

k 

d 

d 

665 

869 

bio.br 

k 

k 

k 

k 

k 

k 

1003 

1232 

B10.D2 

d 

d 

d 

d 

d 

d 

433 

513 

87F11 

— 

449 

656 

B6 

b 

b 

b 

b 

b 

b 

670 

31048 

bml  2 

b 

b* 

b 

b 

b 

b 

1231 

36395 

BIO. A(4R) 

k 

k 

b 

b 

b 

b 

1085 

1188 

B10.A(5R) 

b 

b 

k 

k 

d 

d 

639 

29329 

bio.br 

k 

k 

k 

k 

k 

k 

659 

736 

310. D2 

d 

d 

d 

d 

d 

d 

784 

876 

The  ratio  of  type  1  to  type  2  clones  was  16:11.  Again  the  majority 
responded  only  to  the  priming  APC.  In  addition,  because  a  reciprocal  pat¬ 
tern  of  reactivity  with  B6  and  bml2  APC  was  obtained  from  this  analysis, 
it  was  concluded  that  structural  and  not  quantitative  difference  in  la 
appeared  accountable. 

Our  initial  interpretation  of  the  data  was  that  the  experiments  now 
demonstrated  at  the  clonal  level  multiple  antigen  associated  sites  on  the 
la  molecule.  Type  1  clones,  in  this  instance,  utilized  association  sites 
located  within  bml2  mutation  site  and  hence  could  only  respond  to  antigen 
in  association  with  the  APC  used  in  priming.  Type  2  clones,  on  the  other 
hand,  utilized  association  sites  outside  of  the  bml2  mutation  site  which 
were  indistinguishable  on  the  two  la  molecules. 

However,  the  fact  that  there  are  always  more  type  1  clones  than  type 
2  clones  warrants  further  inves t igat ion.  In  order  to  generalize  the 
observation,  experiments  were  set  up  to  generate  T-cell  clones  from  B6 
specific  for  the  antigens  GAT  and  TGAL  and  from  bml 2  responding  to  TGAL. 

In  all  cases,  results  similar  to  those  of  Table  I  were  obtained,  i.e. 
clones  could  be  identified  as  either  type  1  or  type  2.  The  frequency 
distribution  of  the  two  types  of  clones  responding  to  three  different 
antigens  are  summarized  in  Table  II.  As  can  be  seen,  the  skew  is  towards 
type  1  clones.  In  fact,  except  for  the  bml 2  clones  specific  for  GAT,  less 
than  25%  of  the  clones  could  be  stimulated  with  APC  other  than  the  one 
used  for  priming.  This  has  been  the  experience  of  other  investigators  as 
well.  For  example,  Hathcock  et  al.  (1983)  characterized  B6  KLH  clones  and 
reported  14  of  15  used  B6  and  not  bml2  APC.  Bikoff  and  Birshstein  (1986) 
also  characterized  B6  Igh-la  clones  and  reported  that  12  of  12  used  B6  and 
not  bml2  APC.  These  data  together  show  that  for  responses  to  antgiens 
where  both  B6  and  bml2  are  responders,  T  cell  predominantly  recognize  the 
polymorphic  portions  of  la*5  and  involved  in  the  mutation.  If  there 

are  indeed  as  many  as  four  sites  per  la  molecule  as  suggested  by  the 
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Table  II.  Frequency  distribution  of  two  types  of  antigen-specific  T  cell 
clones  from  B6  and  bml2  responding  to  various  antigens 


Strain 

Frequenc ies 

Ant igen 

Type  1  clones3  Type  2  clones^ 

B6 

PPD 

5/6 

1/6 

B6 

GAT 

16/21 

5/21 

bml  2 

GAT 

16/27 

11/27 

B6 

TGAL 

21/24 

3/24 

bml  2 

TGAL 

29/35 

6/35 

aType  1:  clones  intearcting  only  with  the  priming 
APC. 

^Type  2:  clones  not  discriminating  between  B6  and 
bml 2  APC. 


monoclonal  antibody  blocking  studies  of  Frelinger  et  al.  (1984),  then  the 
bml2  site  is  by  far  the  most  frequently  used. 


THE  BM1 2  MUTATION  SITE  AS  A  UNIQUE  DETERMINANT  RECOGNIZED  BY  ALLOREACTIVE 
T  CELLS 


The  precise  structural  definition  of  the  bn>12  mutation  was  recently 
made  by  using  molecular  biological  techniques  (McIntyre  and  Seidman,  1984; 
Mengle-Gaw  et  al.,  1984;  Widera  and  Flavell,  1984).  The  Ag  gene  of  bml2 
and  B6  were  found  to  differ  by  three  productive  nucleotides  within  a 
stretch  of  14  nucleotides  in  the  exon  encoding  the  first  extracellular 
domain  (Sj).  Allelic  comparisons  of  several  sequences  of  different 
domains,  have  defined  four  regions  of  hypervariability,  HV1  to  HV4  and  the 
bml2  was  found  to  be  located  in  the  HV3  region.  Furthermore,  gene 
transfer  and  nucleotide  sequencing  studies  (Cohn  et  al.,  1986;  Brown  et 
al.,  1986)  on  two  of  the  several  somatic  la  variant  cell  lines  derived 
through  mutagenesis  and  selected  by  complement  mediated  lysis  using  an 
anti-la  monoclonal  antibody  indicated  that  the  functional  and  phenotypic 
changes  could  be  acounted  for  by  a  single  amino  acid  substitution 
(glu  ■*  lys)  at  position  67  of  the  A^  polypeptide  chain.  All  available 
molecular  data  thus  suggest  that  the  sequence  from  positions  63  to  75  in 
which  the  bml  2  mutation  lies  is  the  most  critical  site  for  T  cell  recogni¬ 
tion.  This  segment  of  the  bml2  Agchain  when  analyzed  by  comparison  with 
other  8  chains  unexpectedly  revealed  complete  homology  with  an  Eg  sequence 
at  this  region  (Widera  and  Flavell,  1984;  Mengle-Gaw  et  al.,  1984).  It  is 
thus  proposed  that  the  bml 2  mutation  can  be  accounted  for  by  a  gene  con¬ 
version  event  in  which  the  E^  gene  provides  the  donor  sequence  that  repla¬ 
ces  homologous  information  in  the  A^  gene.  In  the  study  of  Mengle-Gaw  et 
al.  (1984),  an  A  anti-(A  x  B6)Fi  T  cell  clone  which  recognized  a  deter¬ 
minant  associated  with  the  E^:Eg  hybrid  molecule  could  be  stimulated  by 
bml2  cells.  It  was  concluded  that  gene  conversion  "shift  functionally 
important  mini  genes  between  active  sites  to  interact  with  antigen  or  the 
T  cell  receptor".  Similar  argument  was  used  by  Hochman  and  Huber  (1984) 
who  reported  that  while  B6  was  a  nonresponder  to  sheep  insulin,  both  bml 2 
and  B10.A(5R)  reponded.  Because  the  response  to  sheep  insulin  was  mapped 
to  IE  genes,  these  authors  felt  that  the  Ia*31”^  molecules  conferred 
responsiveness  as  the  result  of  receiving  genetic  information  from  Eg  via 
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the  gene  conversion  event.  It  was  thus  concluded  that  the  bml2  mutation 
defined  the  functional  epitope  on  la  for  immune  responses  to  sheep  insu¬ 
lin.  This  conclusion,  however,  appears  somewhat  obscure  since  1 )  B6  was 
found  in  other  studies  to  be  responder  to  sheep  insulin  (Hansen  et  al., 
1986;  Keck,  1981)  and  2)  we  have  previously  demonstrated  that  the  bml2 
"gain"  epitope  appears  to  be  a  unique  determinant  not  shared  with  other 
standard  strains  (Tse  et  al.,  1985).  In  those  experiments,  B6  anti-bml2 
alloreactive  T-cell  clones  were  raised  using  the  soft  agar  methodology  and 
two,  four,  and  six  months  after  the  establishment  of  the  clones,  they  were 
tested  in  mixed  lymphocyte  cultures  for  crossreactivity  with  stimulators 
from  the  b,  bml2,  d,  k,  r,  q,  or  s  haplotypes.  Crossreactivity  was 
defined  as  proliferation  that  was  minimally  10%  that  of  the  responses  to 
the  la  antigen.  This  definition  was  based  on  the  fact  that  the  standard 
error  of  the  mean  of  control  culture  responses  were  usually  less  than  10%. 
Based  on  this  criteria,  the  majority  of  the  17  B6  anti-bml2  clones  were 
found  to  be  specific  for  the  bml2  determinant  and  exhibited  no  extensive 
cross-reaction  with  other  haplotypes.  Three  of  the  four  clones  (51E5, 
52E8,  53G6  and  54B8)  that  initially  showed  some  degree  of  crossreactivity 
became  specific  for  bml2  when  tested  again  after  4  months  in  culture. 

These  false  positives  could  have  arisen  from  the  fact  that  the  soft-agar 
colonies  were  not  recloned  and  might  in  addition  to  the  bml2  specific 
cells,  contain  other  alloreactive  cells  that  were  also  propagated  due  to 
nonspecific  recruitment  (Tse  et  al.,  1980).  These  nonspecific  con¬ 
taminants  were  eventually  diluted  out  as  the  specific  cells  constituted 
the  majority  and  increased  in  number  faster  than  the  nonspecific  cells. 

One  of  the  17  clones,  however,  did  persistently  show  crossreactivity  with 
Iad  after  six  months  in  culture.  Representative  data  of  two  experiments 
are  shown  in  Table  III.  Taken  together,  we  concluded  that  the  "gain" 
antigenic  determinant  on  bml2  la  represents  a  private  specificity.  The 
minor  crossreactivity  with  Iad  was  only  1  of  17,  suggesting  that  51E5  was 
a  rare  clone. 

If  the  bml2  determinant  represents  the  transfer  of  a  functional  unit 
from  Eg  to  one  would  predict  that  B6  anti-bml2  alloreactive  T  cells 

should  also  be  stimulted  by  Eg-  or  Eg-bearing  cells.  To  test  this  predic¬ 
tion,  we  chose  to  use  the  intra-I  region  recombinant  mouse  strain 
B10.A(5R)  which  express  both  cell  surface  la  dimer  A^:A^  and 


Table  III.  Alloantigen  specificity  of  B6  anti-bml2  T-cell  colonies 


Proliferative  response  in  culture  with  stimulators  (cpm) 

Exp.  T-cell  _ 

colonies 


Medium 

B6 

bml  2 

B10.BR 

B10.D2 

B10.S 

B10.G 

B10.RIU 

1  63F5 

134 

177 

9992 

337 

358 

261 

292 

36  7 

51B9 

1152 

1304 

11554 

1341 

1633 

1858 

1882 

1889 

53G11 

76 

249 

11542 

302 

316 

358 

222 

195 

54E10 

121 

130 

10815 

383 

270 

275 

203 

204 

2  5 1E5 

- 

651 

32171 

683 

6079 

145 

213 

228 

52E8 

- 

124 

8241 

95 

65 

245 

101 

49 

53G6 

- 

62 

14139 

141 

29 

81 

99 

95 

54B8 

- 

103 

12330 

196 

no 

99 

180 

36 

Experiment  1  was  performed  two  months  after  establishment  of  colonies. 
Experiment  2  was  performed  six  months  after  establishment  of  colonies. 
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Table  IV.  Mixed  lymphocyte  reaction  of  a  B6  anti-bml2  T-cell  line 


Proliferative  response  in  cultures  with  stimulator  (cpm) 

#  of  responding  _ 

cells  (x  10“3) 

B6  bml 2  (B10.A5R)  B10.BR  B10.D2 


5  148  41654  247  463  155 

10  663  51031  538  2160  722 


Since  the  B1  exon  of  the  ER  gene  of  B10.A(5R)  was  derived  from  the  b 
haplotype,  bml!  and  B10.A(5R)  both  express  the  same  la  sequence  involved 
in  the  conversion  event,  albeit  bml2  in  the  context  of  A  and  B10.A(5R)  in 
the  context  of  E  .  As  a  consequence,  B10.A(5R)  cells  should  serve  to  sti¬ 
mulate  B6  anti-bml2  T-cell  clones  and  B10.A(5R)  itself  should  show  no 
alloreactivity  against  bml2  cells.  To  determine  whether  T-cells  see  the 
site  of  the  bml2  mutation  as  a  separate  functional  domain,  we  generated  a 
B6  anti-bml2  alloreactive  T-cell  line  by  the  method  of  Kimoto  and  Fathman 
(1981).  This  line  was  repeatedly  stimulated  with  bml2  cells  for  3  months 
and  then  was  tested  for  responses  against  bml2  or  B10.A(5R)  stimulator 
cells.  As  shown  in  Table  IV,  while  the  line  showed  a  strong  response  to 
bml2  stimulators,  only  background  levels  of  response  were  observed  with 
the  B10.A(5R)  stimulator  cells.  This  suggests  that  the  bml2  mutation  is 
seen  by  T  cells  not  as  a  linear  sequence  as  B10.A(5R)  la  which  contains 
the  sequence  failed  to  stimulate  the  bml 2-spec  if ic  T  cells.  To  further 
explore  the  role  of  Xa  conformation,  we  also  set  up  primary  mixed  lympho¬ 
cyte  cultures  between  bml2  and  B10.A(5R)  cells.  We  observed  that 
B10.A(5R)  mounted  a  strong  primary  MLR  against  bml2.  These  cultures  were 
eventually  developed  into  a  B10.A(5R)  anti-bml2  cell  line,  which  as  shown 
in  Table  V,  was  found  to  be  highly  specific  for  the  Ia*5"1^  antigen.  Since 
B10.A(5R)  cells  are  incapable  of  recognizing  the  primary  sequence  of  the 
bml 2  mutation,  these  data  further  underscore  the  importance  of  confor¬ 
mation  in  T-cell  recognition  of  la. 


CONCLUSIONS 

The  T-cell  receptors  that  recognize  allogeneic  la  are  apparently  a 
subset  of  those  that  recognize  nominal  antigen  in  the  context  of  self  la 
Therefore,  the  results  reported  here  raise  important  questions  regarding 
functional  recognition  of  la  in  the  immune  response.  Several  lines  of 
evidence  are  presented  indicating  that  la  molecules  have  multiple  func¬ 
tional  sites  and  a  high  proportion  of  relevant  T-cell  c’ones  can 


Table  V.  Mixed  lymphocyte  reaction  of  a  B10.A(5R)  anti-bml2  T-cell  line 


Proliferative  response  in  cultures  with  stimulator  (cpm) 

#  of  responding  _ _ 

cells  (x  10“^) 

B6  bml 2  B10.A(5R)  B10.BR  B10.D2 


5  652  161930  456  3111  988 

10  412  240113  827  3246  2215 
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discriminate  between  la*5  and  Ia*5”1^  molecuies  in  either  antigen-specific 
or  allogeneic  immune  responses.  The  high  frequency  of  T-cells  that  can 
distinguish  mutant  from  wild  type  la  may  be  a  reflection  of  the  extent  of 
the  conformational  change  ensuing  from  the  bml2  mutation  rather  than  the 
importance  of  the  primary  structure  of  this  region  of  the  molecule. 

Studies  using  T  cells  immune  to  cytochrome  c  (Buchmiller  and  Corradin, 
1982),  myoglobin  (Berkower  et  al.,  1983)  or  insulin  (Glimcher  et  al., 
1983a)  also  suggested  that  la-restricted  T— cells  see  conformational 
determinants  on  nominal  antigen.  Taken  with  the  data  presented  here,  we 
feel  the  evidence  supports  the  conclusion  that  T-cells  recognize  predomi¬ 
nantly  the  conformation  of  la  in  both  allogeneic  and  syngeneic  responses. 
This  conclusion  is  also  consistent  with  previous  studies  u  ng  K*5  mutants 
that  demonstrated  that  cytotoxic  T— cells  see  conformational  determinant  on 
class  I  major  histocompatibility  complex  molecules  (Sherman,  1982). 
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ABSTRACT 

Determination  of  the  T-cell  recognition  profile  of  Mb  by  the  over¬ 
lapping  peptide  strategy  revealed  that  the  protein  has  six  T  sites.  Five 
of  these  coincide  with  the  antigenic  sites  while  one  site  was  recognized 
exclusively  by  T  cells  and  not  by  any  detectable  levels  of  antibody. 
Recognition  of  the  synthetic  T  sites  by  protein-primed  T  cell  lines  or 
clones  indicated  that  T  cells  display  an  unusual  peptide  size  requirement 
beyond  the  essential  contact  residues  of  the  T  site.  The  antigen  presen¬ 
tation  of  Mb  has  been  examined  with  the  significant  advantage  of  knowing 
the  full  profiles  of  T-  and  B-cell  recognition  of  this  multi-determinant 
antigen.  Significant  differences  in  the  patterns  of  T-cell  recognition 
were  observed  following  protein-priming  as  compared  to  peptide-priming. 
The  absence  of  a  clear  relationship  between  these  patterns  of  recognition 
presents  a  strong  evidence  against  a  mechanism  of  antigen  presentation 
which  is  dependent  on  the  generation  of  peptide  fragments  with  the 
latter  being  the  'presented'  species.  From  this  new  perspective,  the 
protein  molecule  must  be  predominantly  presented  in  its  intact  form. 


INTRODUCTION 

Definition  of  the  submolecular  features  involved  in  antibody  recog¬ 
nition  (i.e.  antigenic  structures)  of  proteins  has  rendered  a  profound 
understanding  of  the  molecular  basis  of  antibody  (and  presumably,  there¬ 
fore,  B-cell)  recognition  of  proteins.  Myoglobin  was  the  first  protein 
for  which  the  antigenic  structure  was  determined  (Atassi,  1975).  Sub¬ 
sequently,  the  antigenic  structures  of  several  protein  antigens  have 
been  determined  in  this  laboratory  (Atassi,  1975,  1978,  1980,  1984, 

1982;  Atassi  et  al.,  1979,  1987;  Kazim  and  Atassi,  1980,  Yoshioka  and 
Atassi,  1983,  1986;  Atassi  and  Atassi,  1986;  Atassi  and  Kurisaki, 

1984),  Myoglobin  has  served  as  an  excellent  model  for  probing  the 
mechanism  and  molecular  and  cellular  factors  which  regulate  and  control 
the  immune  recognition  and  responses  of  protein  antigens  (for  reviews, 
see  Atassi,  1984;  David  and  Atassi,  1982;  Atassi  and  Young,  1985;  Atassi 
and  Bixler,  1987).  The  antigenic  structure  of  myoglobin  has  also  estab¬ 
lished  basic  concepts  and  charted  comprehensi ve  synthetic  strategies 
(Kazim  and  Atassi,  1980)  that  rendered  the  determination  of  protein  anti¬ 
genic  sites  more  feasible  within  a  reasonable  time. 
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It  is  well  known  that  the  immune  responses  to  protein  antigens 
involve  recognition  by  T  cells  as  well  as  antibodies.  In  fact  it  was 
shown  over  8  years  ago  (Okuda  et  al.,  1979)  that  the  synthetic  antigenic 
sites  of  myoglobin  that  are  the  target  of  antibody  recognition  are  also 
recognized  by  T  cells.  But,  generally,  in  contrast  to  our  extensive 
knowledge  on  antibody  recognition  of  proteins,  the  submolecular  details 
of  T-cell  recognition  have  not,  until  recently,  been  defined  for  a 
protein.  Using  a  comprehensive  synthetic  approach  for  the  delineation 
of  antigenic  (antibody  binding)  sites,  first  introduced  by  Kazim  and 
Atassi  (1980)  we  have  scanned  the  entire  polypeptide  chain  of  sperm  whale 
myoglobin,  and  determined  the  first  full  profile  of  T-cell  recognition 
for  a  protein  (Bixler  and  Atassi,  1983,1984).  The  localization,  for  the 
first  time,  of  the  full  profile  of  the  regions  that  are  recognized  by  T 
cells  on  a  protein,  for  which  the  antigenic  sites  are  also  known,  has 
enabled  the  comparison  of  immune  recognition  at  the  submolecular  level 
by  T  cells  and  by  antibodies.  The  sites  for  these  two  aspects  of  immune 
recognition  were  first  determined  for  myoglobin  (Bixler  and  Atassi, 

1983,  1984a),  followed  by  hen  egg  lysozyme  (Bixler  et  al.,  1984a, b). 

Since  the  T-cell  recognition  profiles  of  myoglobin  and  lysozyme  were 
reported,  the  full  T-cell  recognition  profiles  of  several  other  proteins 
have  been  reported  (Yoshioka  et  al.,  1986;  Kurisaki  et  al.,  1986;  Atassi 
and  Kurisaki,  1984,  1986;  Yokoi  et  al.,  1987).  The  sites  of  antibody 
and  T-cell  recognition  on  myoglobin  will  be  outlined  here  and  compared. 

It  is  frequently  proposed  that  antigen  presentation  must  proceed  via 
internal ization  of  the  antigen  by  the  antigen  presenting  cell,  its 
fragmentation  and  then  re-appearance  in  smaller  fragments  on  the  cell 
surface  (Ziegler  and  Unanue,  1981,  1982;  Allen  et  al.,  1984,  Unanue  and 
Allen,  1987;  Chestnut  et  al.,  1982).  The  complexity  of  "processing"  and 
presentation  of  the  antigen  has  not  been  clearly  resolved  due  to  the 
fact  that  the  immune  recognition  features  of  the  protein  models  employed 
have  been,  at  best,  only  partially  delineated.  Thus,  an  antigen  whose 
profiles  of  B-  and  T-  cell  recognition  are  known  offers  a  significant 
advantage  in  unravelling  the  complexities  of  antigen  presentation. 

Since  the  antibody  and  T-cell  recognition  profiles  of  Mb  have  been 
determined,  this  protein  affords  a  unique  opportunity  to  examine  antigen 
presentation  from  an  entirely  new  perspective. 

In  a  recent  communication  (Bixler  and  Atassi,  1985)  using  synthetic 
overlapping  peptides  which  encompass  the  entire  protein  chain,  the 
T-cell  proliferative  responses  after  priming  with  the  peptides,  either 
individually  or  in  equimolar  mixture,  were  compared  with  those  resulting 
from  protein  priming.  Significantly,  we  have  found  that  the  pattern  of 
recognition  obtained  after  peptide  priming  differs  from  that  obtained 
after  priming  with  the  native  protein. 


ANTIBODY  RECOGNITION  OF  MYOGLOBIN 

The  elucidation  of  the  antigenic  structure  of  myoqlobin  (for  a 
comprehensive  review,  see  Atassi,  1975)  required  a  complex  strategy  that 
consisted  of  a  variety  of  chemical  approaches  that  ultimately  led  to  the 
definition  of  five  conformational ly  sensitive  antigenic  sites.  Each  of 
the  sites  occupies  a  discrete  surface  region  of  the  molecule  and  consists 
of  amino  acid  residues  directly  linked  by  peptide  bonds.  The  term 
continuous  antigenic  sites  was  introduced  (Atassi  and  Smith,  1978)  to 
describe  the  architecture  of  such  sites.  The  antigenic  sites  are  small 
(6-7  residues,  approximately  19-23  A  in  their  extended  direction),  have 
sharply  defined  boundaries,  and  reside  exclusively  on  exposed  surface 
regions  of  the  protein.  Although  slight  shifts  (1-2  residues)  in  the 
boundaries  have  been  observed  with  some  antisera,  the  sites  occupy 
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regions  15-22,  56-62,  94-99,  113-119,  and  145-146,  regardless  of  the 
species  immunized.  Together,  these  sites  account  for  the  vast  majority 
( >98  %)  of  the  antibodies  found  in  anti-myoglobin  serum.  Historically, 
myoglobin  was  the  first  protein  for  which  the  full  profile  of  antibody 
recognition  was  described. 


T-CELL  RECOGNITION  OF  MYOGLOBIN 

By  application  of  the  overlapping  synthetic  peptide  strategy,  pre¬ 
viously  introduced  by  this  laboratory  (Kazim  and  Atassi,  1980),  a  series 
of  synthetic  consecutive  overlapping  peptides  (Figure  1)  were  examined 
for  their  capacity  to  stimulate  in  vitro  proliferation  of  protein-primed 
lymph  node  cells  or  protein-specific  long  term  T-cell  cultures  (Bixler 
and  Atassi,  1983,  1984).  This  enabled  the  localization  of  the  full 
profile  of  the  Mb  regions  containing  the  continuous  sites  of  T-cell 
recognition. 


1 _ 153 

1 _ 17  25 _ 41  49 _ 65  73 _ 89  97 _ 113121  137141  153 

13 _ 29  37 _ 53  61 _ 77  85 _ 101  109  125  133  149 

Fig.  1.  Synthetic  overlapping  peptides  employed  for  the  delineation  of 
the  continuous  T  sites  of  sperm  whale  myoglobin  (Bixler  and 
Atassi,  1983,1984).  The  strategy  relied  on  the  synthesis  of 
the  entire  molecule  17-residue  peptides  (except  for  the  C- 
terminal  region  141-153),  each  overlapping  its  two  adjacent 
neighbors  by  5  residues  on  both  sides.  (From  Bixler  and  Atassi, 
1983). 


Studies  with  Mb-primed  lymph  node  cells  from  three  mouse  strains 
showed  that  six  regions  of  Mb  (Table  1  and  Figure  2)  are  capable  of 
stimulating  T-cell  proliferative  responses  (Bixler  and  Atassi,  1983, 
1984).  Myoglobin-primed  lymph  node  cells  from  DBA/2  and  Balb/c  mice, 
representing  H-2^  haplotypes,  responded  to  six  continuous  T  sites 
localized  within  the  regions:  10-22,  46-63,  69-80,  87-100,  107-120  and 
137-151  (Bixler  and  Atassi,  1984).  Although  of  the  same  haplotype, 
lymph  node  cells  from  DBA/2  mice  recognized  a  region  which  was  slightly 
shifted  relative  to  that  recognized  by  Balb/c  lymph  node  cells.  The 
minor  shift  occurred  in  the  second  T  site  from  the  ^-terminal  where  T 
cells  of  DBA/2  recognized  region  46-59  while  T  cells  of  Balb/c 
recognized  51-63.  Similarly,  Mb-primed  lymph  node  cells  from  SJL  mice 
(H-2S  haplotype)  recognized  T  sites  residing  within  the  regions: 

10-22,  46-59,  71-82,  111-124  and  138-152  (Bixler  and  Atassi,  1984). 

Thus,  shifts  in  the  location  of  the  T  sites  from  strain  to  strain  of 
different  haplotypes  were  also  observed.  Of  the  Mb  regions  that  were 
recognized  by  T  cells,  the  sites  within  peptides  61-77,  109-125  and 
133-149  had  a  high  level  of  activity  in  the  strains  studied.  The  site 
within  region  109-125  was  immunodominant. 

It  should  be  noted,  however,  that  the  overlapping  peptide  strategy 
is  not  designed  to  give  the  precise  boundaries  of  the  sites.  Thus,  the 
T  sites  derived  by  this  strategy  were  not  implied  to  comprise  the  entire 
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regions  shown  in  Figure  2.  Rather,  the  T  sites  are  expected  to  reside 
within  those  regions  (Bixier  and  Atassi,  1984).  Indeed,  the  regions 
containing  T  sites  were  made  intentionally  larger  than  the  expected  size 
of  the  site  in  order  to  avoid  assignment  errors  stemming  from  close 
delineation  at  this  early  stage. 


Table  1 

The  proliferative  response  of  Mb-primed  lymph  node  cells  to  synthetic 
peptides,  proteins  or  mitogens 


a  cpm* 

(optimum  dose  in 

ug/ml) 

Antigens 

DBA/ 2 

BALB/c 

"S3L 

Peptides: 

1-17 

-465  (40) 

-650  (10) 

-324  (20) 

10-22 

12,459  (80) 

6,981  (10) 

4,210  (40) 

13-29 

7,747  (80) 

1,673  (80) 

874  (40) 

25-41 

2,680  (80) 

373  (20) 

1,409  (10) 

37-53 

12,494  (80) 

1,600  (40) 

4,275  (40) 

49-65 

12,587  (80) 

5,685  (20) 

3,446  (10) 

61-77 

19,049  (40) 

5,265  (10) 
2,778  (80) 

1,979  (10) 

73-89 

5,361  (80) 

8,019  (80) 

85-101 

-609  (40) 

-69  (20) 

2,275  (10) 

87-100 

7,363  (80) 

1,625  (80) 

1,290  (10) 

97-113 

391  (10) 

-390  (10) 

1,803  (10) 

107-120 

154,318  (80) 

26,858  (80) 

5,608  (10) 

109-125 

36,895  (80) 

12,305  (80) 

30,774  (80) 

121-137 

3,852  (40) 

295  (80) 

3,894  (10) 

133-149 

20,810  (80) 

8,368  (40) 

6,874  (40) 

141-153 

6,570  (80) 

1,583  (80) 

5,917  (80) 

Controls 

Myoglobin 

58,235  (5) 

24,308  (10) 

17,762  (20) 

Con  A 

87,665  (1) 

62,516  (1) 

52,220  (1) 

PPD 

129,191  (100) 

130,190  (100) 

66,043  (100) 

LPS 

50,300  (500) 

137,760  (500) 

102,621  (500) 

Haemoglobin 

2,459  (50) 

1,482  (50) 

2,814  (50) 

Lysozyme 

459  (50) 

51  (50) 

ND 

Lysozyme  (31-50) 

2,175  (40) 

1,804  (10) 

1,567  (80) 

Lysozyme  (109-129 

2,583  (80) 

2,367  (20) 

2,035  (10) 

*  The  results  are  reported  at  optimum  dose  of  challenge  antigen, 
although  the  studies  were  carried  out  in  the  dose  range  1-100  yg/ml. 
Cultures  containing  unstimulated  DBA/2,  BALB/c,  or  SJL  lymph  node  cells 
and  backgrounds  of  4126,  4762,  and  2361  cpm  respectively. 

*ND  =  Not  done. 

Table  is  from  Bixier  and  Atassi  (1984). 
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Of  the  six  T  sites  in  Mb,  five  were  found  to  coincide  with  the  known 
(Atassi,  2975)  antigenic  (antibody  binding)  sites  while  the  remaining 
site  was  exclusively  T-cell  specific.  The  latter  site  was  located 
within  region  69-80  in  the  H-2 d  haplotypes  and  within  region  71-82  in 
the  H-2S  haplotype.  It  should  be  noted  that  a  slight,  but  reprodu¬ 
cible,  response  to  region  33-44  was  also  observed  (Bixler  and  Atassi, 
1984).  Clearly,  studies  with  the  overlapping  peptides  of  Mb  have  shown, 
in  agreement  with  earlier  studies  (Okuda  et  al.,  1979;  Young  and  Atassi, 
1982,  1983;  Yoshioka  et  al.,  1983),  that  this  protein  contains  sites 
that  are  recognized  by  both  B  and  T  cells.  Those  earlier  studies, 
however,  only  examined  the  regions  containing  the  antigenic  (antibody 
binding)  sites  for  their  T-cell  activity.  It  is  noteworthy  that  Mb 
contains,  in  addition,  other  regions  which  are  recognized  only  by  T 
cells  but  to  which  no  antibody  response  is  detectable. 


MVOGLOMN  1 _ 153 

ANTIGENIC  SITES  15  22  56  62  94100  113120  145151 
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Fig.  2.  Schematic  diagram  showing  the  full  profile  of  the  reqions  of 

sperm-whale  myoglobin  that  carry  the  continuous  sites  of  T-cell 
recognition  (T-sites)  in  three  mouse  strains.  It  is  not  implied 
that  the  entire  regions  shown  comprise  the  T  site,  rather  that 
the  sites  reside  within  these  regions.  Indeed,  in  the  localiza¬ 
tion  by  the  overlapping  peptide  strategy  (Figure  1),  the  T  sites 
are  localized  within  intentionally  larger  regions  than  their 
expected  size.  (From  Bixler  and  Atassi,  1983,  1984). 


Although  the  proliferative  assay  employed  in  the  localization  of  the 
T  sites  of  Mb  is  generally  accepted  to  be  indicative  of  T-cell  function, 
the  lymph  node  population,  nonetheless,  represents  a  mixture  of  cell 
types.  Further,  some  minor  T-cell  specificities  may  be  present  in  low 
quantities.  Long-term  T-cell  cultures,  that  were  selectively  enriched 
for  Mb-specific  T  cells,  were  also  examined  (Bixler  and  Atassi,  1984)  in 
order  to  circumvent  these  minor  objections.  The  examination  of  the  pro¬ 
liferative  response  of  these  Mb-specific  T-cell  cultures  with  the  over¬ 
lapping  peptides  revealed  that  the  profile  of  T-cell  recognition  was 
essentially  the  same  [Table  2]  as  that  obtained  with  the  lymph  node 
cells.  However,  T  cells  obtained  from  long-term  culture  had  a  more 
pronounced  response  to  the  peptides  13-29,  73-89  and  109-125  (Bixler  and 
Atassi,  1984). 

Definition  of  the  boundaries  of  a  T  site  and  effect  of  peptide  size  on 
in  vitro  responses  of  T-cell  bulk  cultures 

Earlier  studies  on  T-cell  recognition  (Bixler  and  Atassi,  1983, 

1984;  Yoshioka  et  al.,  1983)  suggested  that  the  carboxyl  end  of  the  T 
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site  within  region  107-120  was  in  close  proximity  to  reside  120, 
probably  residue  120  itself  or,  at  the  most,  plus  or  minus  one  or  two 
residues.  In  order  to  define  the  carboxyl  end  of  this  T  site,  we 
compared  the  responses  of  several  mouse  strains  to  the  peptides  107-119 
and  107-120  [Figure  3].  From  the  differences  in  the  responses  and 
studies  with  peptides  extended  to  residue  125,  we  were  able  to  map  the 
carboxyl  boundary  of  the  T  site  to  residues  119  or  120  depending  on  the 
mouse  strain  examined  (Bixler  et  al.,  1986). 


Table  2 


The  proliferative  response  of  BALB/c  T-cell  long-term 
cultures  to  synthetic  peptides,  proteins  or  mitogens 


Antigens 

Optimum  dose  * 
(ug/ml) 

cpm 

Peptides 

1-17 

10 

4,498 

10-22 

40 

2,767 

13-29 

40 

8,106 

25-41 

5 

2,262 

37-53 

10 

1,227 

49-65 

5 

2,110 

61-77 

5 

3,609 

73-89 

40 

8,587 

85-101 

5 

1,850 

87-100 

5 

1,119 

97-113 

5 

25 

107-120 

40 

30,482 

109-125 

10 

28,897 

121-137 

40 

2,703 

133-149 

10 

10,843 

141-153 

40 

3,301 

Control s 

Myoglobin 

40 

51,784 

Con  A 

1 

76,314 

PPD 

100 

1,244 

LPS 

500 

0 

Haemoglobin 

40 

0 

Lysoyzme 

40 

4 

Lysozyme  (31-50) 

5 

258 

Lysozyme  (109-129) 

5 

419 

^Studies  were  carried  out  in  the  dose  range  1-100 
ug/ml.  The  table  summarizes  the  responses  at  the  optimum 
dose  for  each  antigen.  The  T  cells  were  harvested  from  a 
culture  in  the  fifth  in  vitro  passage  and  had  a  background 
proliferation  of  4,88T~cpm. 

Table  is  from  Bixler  and  Atassi  (1984). 


In  order  to  accurately  map  the  other  boundary  of  the  T  site  and 
determine  the  effect  of  peptide  size  on  its  ability  to  activate  T  cells 
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a  new  strategy  had  to  be  introduced  (Bixler  et  al.,  1986).  The  obvious 
approach  to  the  definition  of  the  boundaries  of  a  T  site  is  through  the 
step-wise  addition  (or  deletion)  of  residues  on  one  end  of  the  indicated 
region  while  holding  the  other  end  constant.  The  resulting  set  of 
peptides  would  represent  varying  lengths  or  the  natural  sequence  of  the 
protein  [Figure  4],  Since  earlier  studies  on  B-cell  recognition  showed 
that  deletion  of  a  single  residue  at  the  boundary  end  of  an  antigenic 
site  can  cause  complete  abrogation  of  the  binding  activity  (Koketsu  and 
Atassi,  1973;  Atassi,  1975),  this  approach  would  seem  to  be  promising. 
However,  recent  studies  from  this  laboratory  suggested  that  peptide  size 
by  itself  may  have  an  effect  on  the  ability  of  a  given  peptide  to 
stimulate  T-cell  response,  both  in  protein-primed  lymph  node  cells 
(Young  and  Atassi,  1983)  and  in  peptide  driven  T-cell  lines  and  clones 
(Yoshioka  et  al.,  1983).  In  both  these  studies,  the  response  to  longer 
peptides  appeared  to  be  improved. 

These  studies  suggested  the  possibility  that  a  peptide  containing 
the  essential  'contact'  residues  for  T-cell  stimulation  would  possess 
higher  activity  if  it  were  lengthened,  even  though  the  additional 
segments  may  contain  no  recognition  features.  The  T  site  residing 
within  the  segment  107-120  (Bixler  and  Atassi,  1983,  1984)  was  selected 
to  examine  this  idea.  The  strategy  formulated  employed  synthetic 
peptides  increasing  in  size  by  one  residue  increments  from  Hi s— 113,  the 
known  N-terminal  boundary  of  the  antigenic  (i.e.  antibody  binding)  site 
(Atassi  and  Pai,  1975).  The  increase  in  size  was  done  in  two  ways:  (1) 
by  addition  of  residues  (one  at  a  time)  corresponding  to  the  natural  Mb 
sequence,  up  to  residue  107  and  designated  by  the  sequence  locations  of 
the  first  and  last  residues,  or  (2)  by  addition  of  one-residue  increments 
corresponding  to  the  natural  Mb  sequence  plus  further  extension  of  the 
peptide  up  to  a  uniform  size  of  14  residues  by  addition  of  a  nonsense 
sequence  that  is  not  in  any  way  related  to  Mb  in  this  region  or  anywhere 
else  in  the  molecule  (Twining  and  Atassi,  1979).  These  peptides  are  also 
designated  by  the  location  of  the  region  in  the  Mb  sequence  and,  in 
addition,  are  prefixed  by  ' N '  to  denote  the  nonsense  extension.  The  non¬ 
sense  structure  has  been  shown  not  to  bind  anti-Mb  antibodies  (Twining 
and  Atassi,  1979;  Twining  et  al.,  1981;  Allen  et  al.,  1985)  and  also  has 
no  effect  on  Mb-primed  T  cells  (Okuda  et  al.,  1979;  Young  and  Atassi, 
1983).  It  is,  therefore,  ideally  suited  to  study  pure  size  effects. 

Thus,  regardless  of  whether  or  not  peptide  size  influenced  T-cell 
responses,  the  strategy  adopted  should  permit,  in  addition,  to  clarifi¬ 
cation  of  this  point,  the  precise  definition  of  the  boundaries  of  the 
site.  It  would  distinguish  between  those  residue  additions  which  contri¬ 
bute  size  effects  alone  versus  those  which  are  essential  contact  residues 
of  the  site. 

These  studies  revealed  unambiguously  the  significant  contribution 
made  by  peptide  size  to  the  stimulation  of  Mb-primed  T  cells.  From  the 
dose  response  curves  [Figure  5],  the  larger  peptides  consistently 
provoked  a  detectable  proliferative  response  in  protein-primed  T  cells 
at  lower  concentrations  and  also  elicited  greater  maximal  responses  than 
the  corresponding  peptides  containing  only  the  natural  Mb  sequence 
(Bixler  et  al.,  1986).  In  five  of  the  six  strains  examined  [Figure  6], 
the  peptides  extended  by  nonsense  sequence  elicited  higher  prol iferati ve 
responses  than  their  counterparts  that  contain  only  natural  Mb  sequence. 
Clearly,  the  greater  stimulatory  capacity  is  not  related  to  nonspecific 
stimulation  by  the  nonsense  sequence  extension,  since  those  peptides 
containing  the  largest  segment  of  nonsense  residues  (and  correspond¬ 
ingly,  the  shortest  segment  of  natural  sequence),  provoked  very  weak  or 
no  responses  above  baseline.  Thus,  the  increase  in  proliferative 
activity  of  the  nonsense-extended  peptides,  when  compared  to  the 
appropriate  natural  sequence  peptides,  was  attributed  to  a  non-specific 
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effect  of  peptide  size  (Bixler  et  al.,  1986).  These  observations  are 
consistent  with  earlier  reports  (Young  and  Atassi,  1983;  Yoshioka  et 
al.,  1983)  which  initially  indicated  the  potential  role  of  size  in  the 
recognition  of  free  peptides  by  protein-primed  T  cells. 
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Fig.  3.  Summary  of  prol iferative  responses  of  lymph  node  cells  obtained 
from  six  mouse  strains  to  in  vitro  challenge  with  peptides 
representing  the  natural  Mb  sequences  107-119  (stippled  bar)  and 
107-120  (hatched  bar).  The  responses  were  tested,  over  a  wide 
dose  range  (3-300  ug/ml)  and  the  maximum  responses  are  shown  for 
both  the  high  responders  (Balb/c  at  an  optimum  dose  of  50  ug/ml 
for  both  peptides,  DBA/2  at  an  optimum  dose  of  300  ug/ml  for  both 
peptides  and  SJL  at  optimum  doses  of  300  and  200  ug/ml  for  pep¬ 
tides  107-119  and  107-120,  respectively),  B10.BR  and  C57  BL/10  at 
an  optimum  dose  in  both  strains  of  200  ug/ml  for  both  peptides) 
to  Mb.  Stimulation  index  is  the  ratio:  cpm  of  stimulated  cells 
/ cpm  of  unstimulated  cells.  The  background  responses  for 
unstimulated  cells  ranged  from  4,999  cpm  to  7,166  cpm  except  for 
cells  from  BALB/c  mice  which  had  a  background  response  of  10,880 
cpm.  (From  Bixler  et  al.,  1986). 


These  synthetic  peptides,  which  carefully  dissect  the  region  107-120 
of  Mb,  allow  the  precise  definition  of  the  boundaries  of  a  major  T 
site.  In  the  three  low  responder  mouse  strains,  A/J,  C57BL/10  and 
B10.BR,  the  T  site  consists  of  13  residues  extending  from  Ser-108  to 
Pro-120.  In  two  of  the  three  high  responder  mouse  strains,  Balb/c  and 
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(a)  Mb  peptides  having  increasing  size  of  natural  sequence 


107- 

-120 

I  le-Ser- 

-Glu- 

-Ala- 

-Ile- 

He¬ 

-His- 

Val- 

-Leu- 

-His- 

-Ser-Arg-His- 

-Pro 

108- 

-120 

Ser- 

-Glu- 

-Ala- 

-Ile- 

lle¬ 

-His- 

Val 

-Leu- 

-His- 

-Ser-Arg-His- 

-Pro 

109- 

-120 

Glu- 

-Ala- 

-Ile- 

ne- 

-His- 

Val 

-Leu- 

-His- 

-Ser-Arg-His- 

-Pro 

110- 

-120 

Aia- 

-Ile- 

He¬ 

-His- 

Val 

-Leu- 

-His- 

-Ser-Arg-His- 

-Pro 

111- 

-120 

Ile- 

lle¬ 

-His- 

Val 

-Leu- 

-His- 

-Ser-Arg-His- 

-Pro 

112- 

-120 

ne- 

-His- 

Val 

-Leu- 

-His- 

-Ser-Arg-His- 

-Pro 

113- 

-120 

His- 

Val 

-Leu- 

-His- 

-5er-Arg-His- 

-Pro 

(6)  Natural  MB  sequences  extended  by  nonsense  sequence  to  a  uniform  size 
N (108-120)  Cl v-Ser-Clu-Ala-IIe-IIe-His-Val-Leu-Hjs-5er-flrq-His-Pro 
N (109-120)  G1 v-Ala-Glu-Ala-I le-I le-His-Val-Leu-His-Ser-Arq-His-Pro 
N  (1 10-120)  1.1  y  AIn-Sor-Ala-lle-1  le-His-Val-Leu-His-Ser-Arq-His-Pro 

N ( 1 1 1-1 20)  Glv-Ala-Ser-Glv-Ile-I le-His-Val-Leu-His-Ser-Arq-His-Pro 
N (1 1 2-12U)  Glv-Ala-Ser-Glv-Thr-lle-His-Val-Leu-His-Ser-Arq-His-Pro 
N ( 1 73- 120)  G1 y-Ala-Ser-Gl y-Thr-Gly-His-Val-Leu-His-Ser-Arq-His-Pro 


Fig.  4.  The  primary  structure  of  the  synthetic  peptides  employed  the 
definition  of  the  T  site  previously  found  to  localize  within 
region  107-120  of  sperm  whale  Mb  (Bixler  and  Atassi,  1983,  1984; 
Yoshioka  et  al.,  1983).  (a)  Peptides  representing  step-wise 

extensions  by  one-residue  of  the  natural  Mb  sequence  from  His- 
113  to  Pro-120.  Peptide  113-120  coincidentally  corresponds  to 
the  previously  defined  (Atassi,  1975)  antigenic  (antibody  bind¬ 
ing)  site  4  of  Mb.  (b)  Peptides  in  which  the  structures  shown 
in  (A)are  extended  by  a  'nonsense'  sequence  to  a  uniform  size 
of  14residue  by  addition  of  an  appropriate  segment  of  the  'non¬ 
sense'  sequence  Gly-Ala-Ser-Gly-Thr-Gly  (underlined  region). 
(From  Bixler  et  al.,  1986). 


DBA/2,  the  site  consists  of  the  11  residues  (Glu-109  through  Hi s— 119 ) . 
In  the  remaining  high  responder  mouse  strain,  SJL,  the  T  site  comprises 
the  residues  Ala-110  through  Pro-120.  Thus,  the  T  site  in  this  region 
was  mapped  [For  summary,  see  Figure  7]  to  a  relatively  small  (11-13 
residues),  continuous,  discrete  surface  region  of  the  polypeptide  chain 
of  Mb  (Bixler  et  al,  1986). 

It  should  be  stressed  that  these  boundaries  reflect  the  average  of 
the  maximal  responses  of  a  polyclonal  T-cell  population  whose 


73 


specificity  is  directed  to  this  region  and  that  the  boundary  residues 
define  the  minimum  continuous  segment  of  Mb  which  elicits  an  optimum 
proliferative  response.  It  should  be  noted,  however,  that  although  the 
identity  of  the  residues  which  define  the  boundaries  is  very  clear,  the 
differences  in  activity  between  peptides  changing  by  one  residue 
increments  are  not  always  dramatic.  This  was  attributed  (Bixler  et  al., 
1986)  to  the  polyclonal  nature  of  the  lymph  node  cell  response.  It  was 
noted  that  studies  with  T  cell  clones  should  yield,  for  each  clone, 
sharply  demarcated  boundary  residues. 


Fig.  5.  Representative  dose  response  curves  to  peptides  of  the  natural 
sequence  (o)  or  peptides  extended  by  'nonsense'  sequence  to  a 
uniform  size  (o)  in  lymph-node  cells  obtained  from  Mb-primed 
DBA/2  mice.  The  responses,  which  were  examined  over  a  broad 
dose  range,  are  shown  in  the  panels  as  follows:  (A)  peptides 
108-120  and  N  (108-120),  (B)  peptides  109-120  and  N  (109-120), 
(C)  peptides  110-120  and  N  (110-120),  (D)  peptides  111-120  and 
N  (111-120),  (E)  peptides  112-120  and  N  (112-120),  (F)  peptides 
113-120  and  N  (112-120).  Stimulation  index  is  defined  in  the 
legend  to  Fig.  3.  The  background  response  of  unstimulated  cells 
was  3,412  cpm.  (From  Bixler  et  al.,  1986). 


Non-specific  peptide  size  effect  in  the  recognition  by  site-specific  T- 
cell  clones 


The  enhancing  effect  on  T-cell  activity  observed  by  addition  of  a 
'non-sense1  sequence  to  r  ,intain  peptide  size  was  unexpected  and  most 
dramatic.  These  observations,  however,  were  made  with  lymph  node  cells 
and,  because  of  the  heterogeneity  of  such  a  cell  population,  some  degree 
of  uncertainty  remained  whether  this  peculiar  phenomenon  is  indeed 
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associated  with  T-ceil  recognition  or  is  caused  by  some  unknown  para¬ 
meters  in  the  complex  culture  of  lymph  node  cells.  The  question  must 
then  be  answered  with  precise  reagents.  For  this  purpose  T-cell  clones 
of  pre-determined  specificity,  derived  from  DBA/2  and  SJL  mice  that  had 
been  primed  with  Mb,  were  used  in  more  recent  studies  (Atassi  et  al., 
1987).  Two  OBA/2  and  five  SJL  T  cell  clones  were  isolated  from  T-cell 
lines  derived  from  Mb-primed  lymph  node  cells  that  were  driven  in  culture 
by  periodic  passage  with  peptide  107-120.  These  cell  lines  were  entirely 
specific  to  the  driving  peptide  and,  recognized  no  other  regions  of  Mb 
(Yoshioka  et  al.,  1983).  The  recognition  was  imparted  to  the  cells  by 
priming  the  mice  with  Mb  and  the  specificity  desired  was  selected  by 
driving  with  the  peptide.  It  would  then  be  expected  that  the  driving 
peptide,  and  hence  its  structural  features,  would  be  best  suited  for 
stimulation  of  the  T-cell  clones.  Thus,  these  clones  would  be  the  most 
precise  reagents  to  examine  whether  size  effects  of  a  non-specific  and 
otherwise  unrecognizable  structure  (at  least  by  these  T-cell  clones)  play 
a  role  in  T-cell  recognition.  In  addition,  one  clone  which  was  obtained 
from  a  Mb-driven  long  term  T-cell  culture  was  also  specific  to  region 
107-120.  The  two  sets  of  peptides  (one  set  extended  incrementally  by 
natural  Mb  sequence  and  the  other  represents  analogs  that  are  extended  to 
a  uniform  size  by  a  nonsense  sequence)  in  Figure  4  were  used  for  these 
studies  (Atassi  et  al.,  1987).  The  peptide  design  (Figure  4)  is  such 
that  the  incremental  one-residue  addition  of  the  ’nonsense'  sequence 
would  be  capable  of  answering  the  above  question  and  also  of  defining 
the  left-hand  boundary  of  the  T  site  for  each  of  the  T-cell  clones. 

The  results  showed  (Atassi  et  al.,  1987)  that  peptide  size  exerted  a 
dramatic  effect  on  T-cell  recognition  at  the  clonal  level.  In  every 
clone,  a  non-sense-extended  peptide  achieved  maximum  stimulating  acti¬ 
vity  at  a  lower  optimum  peptide  dose  than  its  natural  sequence  (but 
shorter)  analogue  (Figure  8).  In  addition,  removal  of  natural  sequence 
by  one  residue  increments  caused  loss  of  proliferative  activity  whereas 
the  nonsense-extended  analogues  retained  full  activity  until  a  critical 
'contact'  residue  was  removed  (Figures  9  and  10).  Figure  11  summarizes 
the  boundaries  of  the  site  as  perceived  by  the  various  clones.  Thus,  in 
the  DBA/2  clone  E4 .15.15  the  activity  of  the  natural  sequence  peptides 
decreased  steadily  upon  shortening  and  was  drastically  lost  upon  removal 
of  residue  109.  However,  the  nonsense-extended  peptides  retained  the 
full  activity  until  residue  112  was  removed,  thus  indicating  the  Ile-112 
defines  the  left-hand  boundary  of  the  T  site.  Similarly,  the  DBA/2  clone 
E4.8. 19  revealed  a  left-hand  boundary  at  Ala-100  or  Ile-111  with  the 
natural  seauence  peptides,  whereas,  with  the  nonsense-extended  peptides, 
its  boundary  falls  very  sharply  at  Ile-112.  With  the  five  SJL  clones 
obtained  from  cell  lines  passaged  with  peptide  107-120,  the  left-hand 
site  boundary,  as  summarized  in  Figure  11,  was  precisely  defined  with  the 
nonsense-extended  peptides  at  Ile-112  (clones  No.  V1.E4.5.1;  No.  E4.5.6; 
No.  E4.4.8  and  No.  E4.10)  or  Ile-111  (clone  No.  V1.E4.5.4).  Even  with 
the  clone  derived  with  Mb  passage,  the  left-hand  boundary  of  the  site 
was  at  Ile-112,  thus  indicating  a  comparable  structural  requirement  for 
the  recognition  by  this  clone.  In  contrast,  with  the  natural  sequence 
peptides,  the  site  boundary  was  very  poorly  defined  (and  more  of  the 
natural  Mb  sequence  was  required)  for  most  of  the  clones. 

The  aforementioned  size  effects  are  remarkable  in  view  of  the  fact 
that  seven  of  the  eight  clones  were  obtained  by  driving  the  parent 
T-cell  lines  with  peptide  107-120.  Yet,  clearly,  not  all  the  residues 
of  the  peptide  are  needed  for  T-cell  recognition.  Previously,  we  had 
observed  (Yoshioka  et  al.,  1983)  that  peptides  that  were  shorter  than 
107-120  were  not  capable  of  maintaining  and  driving  long-term  cultures 
to  obtain  mono-specific  T-cell  lines.  Thus,  the  above  findings  provided 
a  rational  explanation  (Bixler  et  al.,  1986;  Atassi  et  al.,  1987)  for 


this  observation.  The  size  effects  observed  showed  that,  in  addition  to 
the  essential  'contact'  residues,  there  is  a  decided  advar  :~ge  in 
increasing  peptide  size,  even  by  an  unrelated  sequence.  The  larger 
peptide  size  (by  addition  of  unrelated  residues)  may  prolong  its 
survival  in  the  culture  during  T-cell  stimulation.  Furthermore,  it  may 
have  been  a  reflection  of  the  lower  affinity  of  the  T-cell  receptor 
(relative  to  antibody  affinity)  since  the  'contact*  region  required  for 
optimal  T-cell  recognition  is  somewhat  larger  than  that  needed  for 
binding  to  antibody.  Should  the  binding  energy  of  the  T-cell  receptor 
be  less  than,  or  even  the  same  as,  that  of  the  antibody,  the  additional 
residues  may  assist  in  increasing  the  binding  energy  of  the  receptor- 
peptide  complex  and  association  with  the  la  molecule.  Alternative  or 
additional  influences  of  size  may  be  through  conformational  effects. 

The  added  residues  may  assist  the  peptide  to  approximate  more  closely, 
the  shape  of  its  corresponding  region  in  the  native  protein  (Atassi  and 
Sap! in,  1968;  Epand  and  Scheraga,  1968;  Singhal  and  Atassi,  1970;  Atassi 
and  Singhal,  1970).  It  should  be  noted,  however,  that  the  addition  of 
large  bulky  side  chains  at  an  end  of  a  site  may  result  in  steric  inter¬ 
ference  with  the  binding  of  the  site  (Koketsu  and  Atassi,  1974;  Atassi 
and  Pai,  1975;  Young  and  Atassi,  1983).  Therefore,  attention  was  paid, 
in  the  above  studies  (Bixler  et  al.,  1986;  Atassi  et  al.,  1987)  to  the 
unrelated  'nonsense'  sequence  which,  while  maintaining  solubility, 
carried  no  bulky  side  chains  that  may  potentially  exert  a  steric 
hindrance  on  the  'binding  part'  of  the  peptide. 

The  recognition  of  the  T  site  at  the  clonal  level  (Atassi  et  al., 
1987)  revealed,  for  a  given  clone,  a  sharper  boundary  for  the  site  than 
was  obtained  with  bulk  cultures  (Bixler  et  al.,  1986).  Also,  it  was 
apparent  that  the  boundary  of  the  T  site  shifts  slightly  from  clone  to 
clone.  So,  it  should  be  expected  that  the  response  registered  with  bulk 
cultures  will  naturally  define  an  'average'  boundary  recognized  by  the 
numerous  clones  in  the  cultures  (Bixler  et  al.,  1986).  The  ^-terminal 
boundary  of  the  T  site  recognized  by  each  of  these  clones  was  not  deter¬ 
mined.  However,  it  was  shown  (Bixler  et  al.,  1986)  that  the  ^-terminal 
'average'  boundary  of  the  T  site  with  T-cell  bulk  cultures  was  His-119 
for  DBA/2  and  Pro-120  for  the  SJL  strain.  Therefore,  the  peptides 
studied  were  all  terminated  at  residue  120  in  order  to  stimulate  the 
activity  of  both  sets  of  clones.  It  should  be  noted  that  the  T  site 
defined  at  the  clonal  level  (Atassi  et  al.,  1987)  coincides  with  anti¬ 
genic  (i.e.  antibody  binding)  site  4  which  occupies  residues  113-119 
(Atassi  and  Pai,  1975). 

It  has  been  proposed,  from  studies  with  Mb  mutants,  that  the  T-cell 
recognition  of  Mb  involves  a  determinant  "centering"  on  residue  109 
(Berkower  et  al.,  1982)  which  is  different  from  the  antigenic  (i.e.  anti¬ 
body  recognition)  site  and  does  not  extend  as  far  as  residue  118 
(Berkower  et  al.,  1984).  On  the  other  hand,  previous  studies  from  this 
laboratory  (Bixler  and  Atassi,  1983,  1984;  Yoshioka  et  al.,  1983)  have 
shown  that  peptide  107-120  exhibited  strong  proliferative  activity  with 
Mb-primed  T-cell  bulk  cultures  and/or  clones  and  a  T  site  was  localized 
to  reside  within,  but  not  including  all  of,  region  107-120.  Recently, 
Berkower  and  colleagues  (Cease  et  al.,  1986)  have  examined  the  responses 
of  two  T-cell  clones  using  synthetic  peptides  rather  than  protein  vari¬ 
ants  and  reported  T-cell  responses  to  peptide  106-118.  Although  exten¬ 
sions  to  the  right  of  residue  118  were  not  tested  to  determine  whether 
Arg-118  was  in  fact  the  C-terminal  boundary  for  their  clones,  the  results 
of  Cease  et  al.,  (1986)  clearly  confirm  our  previous  reports  that  a  T 
site  is  localized  within  region  107-120  (Bixler  and  Atassi,  1983,  1984) 
and  included  the  residues  113-120  (Okuda  et  al.,  1979).  The  present  work 
with  clones  and  recent  studies  with  T-cell  cultures  (Bixler  et  al.,  1986) 
have  shown  that  the  T  site  superimposes  very  well  with  antigenic  site  4 
(residues  113-119)  of  Mb  (Atassi  and  Pai,  1975;  Atassi,  1975). 


RESIDUE  NUMBER 


Fig.  6.  Summary  of  prol iferative  responses  of  lymph  node  cells  obtained 
from  six  mouse  strains  in  vitro  challenge  with  peptides  of  the 
natural  sequence  (o)  or  peptides  extended  by  'nonsense'  sequence 
to  a  uniform  size  (•).  The  maximum  proliferative  responses 
obtained  are  plotted  against  the  Mb  residue  added.  Mouse 
strains  were  characterized  as  either  high  (BALB/c,  DBA/2  and 
SJL)  or  low  (A/J,  B10.BR  and  C57  BL/10)  responders  to  Mb. 
Stimulation  index  is  defined  in  the  legend  to  Fig.  3.  Back¬ 
ground  responses  for  the  unstimulated  cells  ranged  from  1,094 
cpm  to  4,680  cpm.  (From  Bixler  et  al.,  1986). 


Recent  speculations  (Benjamin  et  al.,  1984)  have  advanced  the  views 
that  the  sites  of  T-cell  recognition  are  different  from,  and  more 
diffuse  than,  the  sites  of  B-cell  recognition.  Although  these  views 
have  remained  popular  (Simpson,  1986;  Unanue  and  Allen,  1987),  they  are 
not  confirmed  by  the  present  and  previous  studies  (Okuda  et  al.,  1979; 
Atassi  and  Young,  1982;  Yoshioka  et  al,  1983;  Bixler  and  Atassi,  1983, 
1984a, b)  which  show  that  the  major  T  sites  of  a  protein  occupy  discrete 
areas  which  very  frequently  [but  not  always  (Bixler  et  al.,  1984a, b; 
Bixler  and  Atassi,  1984)]  coincide  with  sites  of  B-cell  recognition. 

Comparison  of  sites  T-  and  B-  cell  recognition 

It  is  now  clear  that  the  regions  of  a  molecule  recognized  by  B  cells 
(antibody  binding)  can  also  be  recognized  by  T  cells.  T  cells,  however, 
may  recognize  additional  areas  of  the  molecule  to  which  no  detectable 
antibody  responses  have  been  observed.  Therefore,  contrary  to  recent 
opinions  (Benjamin  et  al,  1984;  Simpson,  1986;  Unanue  and  Allen,  1987), 
the  fine  specificity  of  T  cells  is  neither  limited  in  number  nor 
necessarily  different  from  that  of  B  cells. 
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It  is  interesting  to  note,  that  the  T  site  for  which  the  precise 
boundaries  have  been  defined  in  myoglobin  (Bixler  et  al.,  1986;  Atassi, 
1987)  coincides  with  the  same  region  of  the  protein  as  the  previously 
defined  (Atassi,  1975)  antigenic  (antibody  binding)  site  4  which 
occupies  the  residues  113-120.  The  T  and  B  sites  were  localized  and 
defined  by  entirely  different  strategies  and  are  separated  in  time  by 
more  than  10  years.  Although  the  same  region  of  Mb  is  recognized  by 
both  B  and  T  cells,  the  T  site  was  found  to  be  somewhat  larger  extending 
several  residues  toward  the  amino  end.  In  those  mouse  strains  examined, 
the  carboxyl  end  for  both  T  and  B  cells,  however,  is  virtually  identical 


STRAINS  H-2 


HIGH  RESPONDERS 


BALB/C 

d 

109 

1 - 

1 19 

- 1 

DBA/2 

d 

109 

1 - 

119 

•  - 1 

SJL 

• 

110 

1 - 

120 

- 1 

LOW  RESPONDERS 

A/J  a 

108 

1 - 

120 

- -1 

C57BL/10 

b 

108 

1 - 

120 

■■  ■  •— 1 

B10.BR 

k 

108 

1 - 

120 

- 1 

Fig.  7.  Summary  of  the  precise  boundaries  of  the  T  site  within  region 
107-120  of  sperm  whale  Mb  as  defined  in  six  mouse  strains  which 
were  either  high  or  low  responders  to  Mb.  (From  Bixler  et  al., 
1986). 


since  both  map  to  residues  119  and  120.  Although  it  is  tempting  to  con¬ 
clude  that  these  observations  may  portray  a  general  property  of  T-cell 
recognition  of  proteins,  it  must  be  cautioned  that,  at  the  present  time, 
it  is  premature  to  generalize  to  other  T  sites  of  Mb  or  other  proteins. 
Clearly,  additional  detailed,  submolecular  studies  of  other  Mb  T  sites, 
at  both  the  clonal  and  polyclonal  level,  and  similar  studies  with  other 
proteins  must  be  performed  before  a  general  picture  will  emerge. 

The  T-cell  recognition  of  each  of  the  T  sites  probably  reflects  the 
responses  of  numerous  T-cell  subpopulations,  each  of  which  perceives  the 
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T  site  somewhat  differently.  Thus,  various  T-cell  clones  recognize 
different  overlapping  parts  of  a  site  (i.e.  shifting  to  the  right  or  to 
the  left)  and  the  maximal  effective  response,  which  is  the  average  of  all 
of  these  reactivities,  is  the  detected  T  site.  This  would  be  consistent 
with  a  heterogeneous  nature  of  the  T-cell  response  at  the  clonal  level 
with  regard  to  the  fine  submolecular  specificities  as  has  been  demon¬ 
strated  during  B— cel  1  recognition  (Atassi,  1975,  1978,  1980,  1984).  In 
view  of  the  heterogeneity,  the  possibility  exists  that  T-cell  clones  with 
specificity  for  a  region  outside  of  a  known  T  site,  and  which  are  present 
in  traces  and  would  not  therefore  be  detected  in  T-cell  proliferative 
assays  of  lymph  node  cells  or  bulk  cultures,  could  be  isolated  and 
expanded.  For  example,  in  the  case  of  B-cell  recognition  of  myoglobin, 
monoclonal  antibodies  which  recognize  regions  outside  of  the  five  major 
antiqenic  sites  have  been  isolated  (Schmitz  et  al.,  1983).  The  biolo¬ 
gical  significance  and  the  immune  role,  if  any,  of  such  very  minor  T-cell 
and  B-cell  clones  whose  specificity  is  directed  toward  non-dominant 
regions  is  not  known. 


ANTIGEN  PRESENTATION  OF  MY0BL0BIN 

The  crucial  role  of  the  macrophage  or  other  accessory  cells  in  the 
initial  events  of  immune  recognition  is  now  well  established  (For 
reviews,  see  Moller,  1978;  Rosenthal,  1980).  The  involvement  of  la 
molecules  in  H-2  restricted  recognition  (Keck,  1975;  Melchers  et  al., 
1973;  Lozner  et  al.,  1974;  Okuda  et  al.,  1978)  and  the  association  of 
antigenic  sites  of  a  multi-determinant  protein  with  a  particular  la 
subregion  (Okuda  et  al.,  1979)  is  also  clearly  established.  It  is 
widely  believed  that  antigen  presentation  must  proceed  via  internali¬ 
zation  of  the  antigen,  its  fragmentation  and  then  reappearance  in 
smaller  more  recognizable  components  on  the  cell  surface  (Ziegler  and 
Unanue,  1981,  1982;  Chestnut  et  al.,  1982;  Shimonkevitz  et  al.,  1983; 

Lee  et  a;.,  1982;  Allen  et  al.,  1984).  The  antigenic  complexity  of  the 
protein  models  employed  and  the  lack  of  full  knowledge  of  their  T-  and 
B-cell  recognition  has  made  the  investigation  of  this  question  most 
difficult.  Thus,  an  antigen  such  as  Mb  whose  full  profiles  of  B-  and 
T-cell  recognition  are  known  offers  a  unique  advantage  in  unravellinq 
the  complexities  of  antigen  presentation. 

The  synthetic  strategy  which  was  instrumental  in  localizing  the 
sites  of  T-cell  recognition  of  Mb  (Bixler  and  Atassi,  1983,1984)  has 
been  employed  (Bixler  and  Atassi,  1985)  to  investigate  its 
presentation.  The  thirteen  synthetic  overlapping  peptides  of  Mb  were 
used  (Bixler  and  Atassi,  1985)  either  individually  or  in  a  mixture  to 
prime  three  high  responder  mouse  strains  in  which  the  T  sites  of  Mb  had 
been  previously  localized  (Bixler  and  Atassi,  1983,  1984).  Thus,  the 
pattern  of  T-cell  recognition  following  protein  or  peptide  priming  could 
be  compared.  The  results  are  summarized  in  Table  3. 

If  antigen  presentation  proceeds  via  fragmentation  of  the  protein, 
similarity  in  the  patterns  of  peptide  recognition  would  be  expected.  In 
contrast  to  the  patterns  of  recognition  observed  (Bixler  and  Atassi, 
1985)  in  protein-primed  mice,  those  mice  primed  with  individual  peptides 
responded  to  all  of  the  peptides  (Table  3)  with  a  few  exceptions  (in 
Balb/c,  peptides,  49-65,  97-113,  121-137,  and  141-153;  in  DBA/2,  peptide 
49-65,  97-113,  112-137,  and  141-153;  in  DBA/2,  peptide  49-65;  in  SJL, 
peptides  1-17,  49-65,  and  121-137).  Thus,  the  patterns  of  recognition 
obtained  after  peptide-priming  differ  from  those  observed  after  priming 
with  the  native  protein. 


B 


0  40  80  120  160  200 


CONCENTRATION  (ug/ml) 

Fig.  8.  Representative  dose  response  curves  to  peptides  of  the  natural 
sequence  (o)  or  peptides  extended  by  'non-sense1  sequence  to  a 
uniform  size  (•)  of  a  site-specific  DBA/2  T  ceil  done  (done 
No.  E4.15.15).  The  responses,  which  were  examined  over  a  broad 
dose  range,  are  shown  in  the  panels  as  follows:  (A)  peptides 
108-120  and  N  (108-120),  (B)  peptides  109-120  and  N  (109-120), 
(C)  peptides  110-120  and  N  (110-120),  (D)  peptides  111-120  and 
N  (111-120),  (E)  peptides  112-120  and  N  (112-120),  (F)  peptides 
113-120  and  N  (113-120).  Stimulation  index  is  defined  in  the 
legend  to  Fig.  3.  The  background  response  of  unstimulated  cells 
was  535  cpm.  (From  Atassi  et  al.,  1987). 


If  antigen  fragmentation  is  a  prerequisite  to  its  presentation  then 
those  peptides  containing  T  sites  would  be  expected  to  be  presented  and 
prime  for  both  an  anti-peptide  and  an  anti-protein  response.  Results 
obtained  (Bixler  and  Atassi,  1985)  with  several  peptides  (Table  3)  were 
consistent  with  this  expectation  (in  Balb/c,  peptides  61—77  and  109-125; 
in  DBA/2,  peptides  61-77;  73-89,  109-125  and  133-149;  in  SJL,  peptides 
37-53,  109-125,  133-149  and  141-153)  and  appeared  to  support  the  concept 
of  fragmentation  prior  to  antigen  presentation.  However,  the  majority 
of  the  patterns  of  recognition  observed,  were  not  satisfactorily 
explained  by  antigen  processing  prior  to  its  presentation.  Several 
regions  (Table  3),  in  all  three  strains,  previously  shown  (Bixler  and 
Atassi,  1983,  1984)  to  contain  T  sites  in  Mb,  were  found  (Bixler  and 
Atassi,  1985)  to  be  ineffective  in  priming  for  anti-protein  response  (in 
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Balb/c,  peptides  49-65  and  133-149;  in  DBA/2,  peptides  13-29,  37-53, 

49-65  and  141-153;  in  SJL,  peptides  49-65,  73-89  and  121-137).  In 
addition,  several  regions  (in  DBA/2,  peptide  49-65;  in  SJL,  peptides 
49-65  and  121-137)  were  not  effective  in  priming  for  anti-peptide  or 
anti-protein  responses  despite  the  fact  that  the  peptides  were  recognized 
by  Mb  primed  T  cells.  If  fragmentation  is  an  integral  part  of  presenta¬ 
tion,  then  the  T-site  containing  peptides  shoulo  be  effective  in  priming 
T  cells  that  will  recognize  not  only  the  immunizing  peptide  but  also  the 
intact  protein.  Clearly,  these  results  (Bixler  and  Atassi,  1985)  do  not 
confirm  this  expectation.  Similar  findings  were  obtained  in  our  recent 
analysis  of  the  presentation  of  lysozyme  (Bixler  et  al.,  1985;  see 
Chapter  in  this  volume). 


Fig.  9.  Summary  of  proliferative  responses  of  two  site-specific  DBA/2  T 
cell  clones  to  j_n  vitro  challenge  with  peptides  of  the  natural 
sequence  (o)  or  peptides  extended  by  'non-sense'  sequence  to  a 
uniform  size  (•).  The  maximum  proliferative  responses  obtained 
are  plotted  against  the  corresponding  Mb  residue  added.  The 
clones  correspond  to  (A)  T  cell  clone  No.  E4.8.19  and  (b)  T  cell 
clone  No.  E4.15.15.  Stimulation  index  is  defined  in  legend  to 
Fig.  3.  Background  responses  for  the  unstimulated  cells  were 
557  and  535  cpm,  respectively.  (From  Atassi  et  al.,  1987). 


Conversely,  other  peptides  (Table  3)  were  very  effective  in  oriming 
for  both  an  anti-peptide  and  anti-protein  response,  but  these  peptides 
did  not  contain  T  sites,  i.e.  did  not  stimulate  T  cells  from  Mb-primed 


81 


108  110 


114  106 


RESIDUE  NUMBER 

Fig.  10.  Summary  of  proliferati ve  responses  of  six  site-specific  SJL  T 
cell  clones  to  in  vitro  challenge  with  peptides  of  the  natural 
sequence  (o)  or  peptides  extended  by  'non-sense'  sequence  to  a 
uniform  size  (•).  The  maximum  proliferative  responses  obtained 
are  plotted  against  the  corresponding  Mb  residue  added.  The 
clones  correspond  to:  T-cell  clone  No.  L4.5.4  and  (B)  T-cell 
clone  No.  E4.5.1  (C)  T  cell  clone  No.  VII  2.2  (D)  T  cell  clone 
No.  E4.4.8  (E)  T  cell  clone  No.  E4.5.6  and  (F)  T  cell  clone  No. 
E4.5.10.  Stimulation  index  is  defined  in  the  legend  to  Fig.  3. 
Background  responses  for  the  unstimulated  cells  were  329,  474, 
2392,  2915,  4817  and  5708  cpm,  respectively.  (From  Atassi 
et  al.,  1987). 


The  possibility  that  these  differences  may  have  been  caused  by 
regulatory  inter-site  influences  (Atassi  et  al.,  1981,  Krco  et  al., 

1981)  was  examined  with  a  mixture  containing  equimolar  quantities  of  all 
the  peptides  (Bixler  and  Atassi,  1985).  Mixture-primed  mice  responded 
(Table  3)  to  the  majority  of  the  peptides  with  three  exceptions  (in 
Balb/c,  peptides  1-17  and  49-65;  in  SJL,  peptide  61-77).  By  screening 
with  the  individual  peptides,  it  was  found  that  the  T-cell  recognition 
profile  obtained  after  immunization  with  the  protein  was  different  from 
that  obtained  after  immunization  with  the  peptide  mixture.  These 
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000  cpm.  For  actual  values  see  Tables  1  and  2  and  the  previous  report  [24]  on  the  localization  ot 
of  T  cell  recognition.  Table  is  from  Bixler  and  Atassi  (1985).  For  details  of  the  data,  see  that 
reference. 


differences  could  not  be  attributed  to  inter-site  regulation  because  all 
the  regions  of  the  molecule  were  present  in  both  immunogens,  the  protein 
and  the  peptide  mixture. 

The  finding  that  the  pattern  of  peptide  recognition  obtained  by  in 
vivo  priming  with  native  protein  was  different  from  that  obtained 
following  priming  with  individual  peptides  or  with  a  peptide  mixture 
indicated  that  the  regions  recognized  by  priming  with  peptides,  either 
individually  or  in  mixture,  bears  little  or  no  relationship  to  the  T 
sites  on  the  protein.  All  of  the  peptides  were  immunogenic  in  at  least 
one  of  the  strains  examined  and  several  of  these  peptides  induced  a 
response  reactive  to  native  protein,  but  only  a  few  of  the  active 
peptides  corresponded  to  the  actual  T  sites  of  the  native  protein. 

Thus,  fragmentation  as  a  prerequisite  to  presentation  could  not 
satisfactorily  explain  why  these  regions  are  not  recognized  by  protein 
primed  T  cells  (Bixler  and  Atassi,  1985). 

The  concept  of  antigen  presentation  being  dependent  on  processing 
has  evolved  from  several  lines  of  circumstantial  evidence.  These 
include  experiments  showing  that  during  the  lag  period  paraformaldhyde 
fixation  interferred  with  presentation  (Ziegler  and  Unanue,  1981; 
Chestnut  et  al ,  1982).  Prefixed  antigen  presenting  cells,  however,  were 
able  to  present  protein  fragments  but  not  the  whole  protein 
(Shimonkewitz  et  al.,  1983;  Allen  and  Unanue,  1984).  Lysosomotropic 
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Fig.  11.  Boundary  shifts  of  T  site  recognition  by  several  T-cell  clones 
The  site  specific  T-cell  clones  were  isolated  from  peptide 
region  107-120)  or  myoglobin-driven  long-term  T-cell  cultures 
of  T  cells  obtained  from  mice  that  were  immunized  with  intact 
Mb.  (From  Atassi  et  al.,  1987). 


agents,  which  were  presumed  to  alter  the  pH  of  lysozomes,  or  monovalent 
carboxylic  ionophores  such  as  monensin  also  interferred  with  antigen 
presentation  (Ziegler  and  Unanue,  1982;  Chestnut  et  al.,  1982;  Lee  et 
al.,  1984;  Allen  et  al.,  1984;  Allen  and  Unanue,  1984).  Studies  of 
enzymatic  degradation  of  membrane-bound  antigen  suggested  that  the 
antigen  may  be  sequestered  in  an  enzymatically  resistant  compartment 
(Chestnut  et  aj_. ,  1982;  Allen  et  al.,  1984).  Collectively,  these 
results  have  been  interpreted  as  demonstrating  the  internalization, 
degradation  of  the  antigen  in  the  lysosomes  to  immunogenic  fragments  and 
the  subsequent  cycling  of  the  processed  fragments  to  the  cell  membrane 
for  presentation.  These  approaches  have  serious  shortcomings  and  the 
interpretation  of  the  data  derived  from  them  is  highly  equivocal  (for 
recent  discussions,  see  Bixler  and  Atassi,  1985;  Bixler  et  al.,  1985). 
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The  failure  of  peptide  priming  to  produce  a  pattern  of  recognition 
similar  to  that  observed  after  protein  priming  suggests  to  us  that  the 
event  of  antigen  presentation  in  immune  recognition  may  not  be  too 
different  in  principle  from  other  biological  membrane-mediated  cellular 
activities.  Such  activities  are  triggered  by  the  binding  event  to 
receptor  and  lead  to  elaboration  by  the  cell  of  chemical  signals  or  some 
other  yet  unknown  mechanisms.  Subsequent  internal ization  of 
receptor-protein  complexes  would  rescue  some  receptor  molecules  and 
these  are  recycled  to  the  membrane  and  protein  and  complexes  are 
degraded.  Whether  antigen  presentation  involves  the  recycling  of  a 
membrane  receptor  as  has  been  demonstrated  in  several  receptor-ligand 
models  (Fan  et  al;,  1982;  Anderson  et  al.,  1977;  Tolleshaug  and  Berg, 
1979;  Gonzalez-Noriega  et  al.,  1980;  Kaplan,  1980;  Steer  and  Ashwell, 
1980;  Van  Leuven  et  al.,  1980;  Basu  et  al.,  1981)  is  not  yet  determined. 
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ABSTRACT 

Several  years  ago,  this  laboratory  introduced  a  comprehensive  strategy 
for  the  systematic  localization  of  all  the  continuous  sites  on  a  protein 
that  are  involved  in  B-  and  T-cell  recognition.  The  strategy  depends  on 
the  synthesis  of  consecutive  overlapping  peptides  that  together  account  for 
the  entire  protein  chain.  Using  this  approach,  the  full  submolecular  pro¬ 
file  of  continuous  regions  on  hen  egg  lysozyme  recognized  by  T  cells  (T 
sites)  were  localized.  Four  major  t-cell  recognition  sites,  three  of  which 
were  subject  to  individual  genetic  control,  were  localized  in  the  six  mouse 
strains  examined.  In  addition  to  these  four  continuous  T  sites,  T-cell 
recognition  of  lysozyme  also  involved  the  three  previously  defined  discon¬ 
tinuous  antibody  binding  sites  as  demonstrated  with  lysozyme-specific  long¬ 
term  T  cell  cultures.  Contrary  to  a  long  held  impression,  T-cell  recogni¬ 
tion,  therefore,  is  not  restricted  only  to  sequence  features,  but  can  also 
be  directed  to  protein  discontinuous  surface  areas  of  high  conformational 
dependency.  More  recently,  we  have  examined  in  two  mouse  strains  the 
proliferative  response  to  peptides  and  to  native  protein  of  lymph  node 
cells  from  mice  primed  with  synthetic  overlapping  peptides  either  individu¬ 
ally  or  as  a  mixture.  It  was  found  that  the  pattern  of  T-cell  recognition 
observed  after  priming  with  peptides  differs  from  that  obtained  when  the 
native  protein  is  used  as  the  immunogen.  If  antigen  processing  proceeds 
via  fragmentation,  then  only  those  regions  containing  T  sites  would  be 
expected  to  be  effective  in  priming  for  a  T-cell  response  to  the  intact 
protein.  Since  this  was  not  found  to  be  the  case,  it  is  unlikely  that 
fragmentation  of  lysozyme  is  a  prerequisite  for  antigen  presentation. 
Rather,  we  suggest  that  the  critical  aspects  in  the  presentation  of  a 
protein  antigen  involve  predominantly  recognition  of  an  intact  protein. 


INTRODUCTION 

In  recent  years,  the  full  profile  of  antigenic  sites  involved  in  B-cell 
recognition  (antibody  binding)  of  several  proteins  [myoglobin  (Atassi, 

1975),  lysozyme  (Atassi,  1978),  serum  albumin  (Atassi  et  aK ,  1979;  Sakata 
and  Atassi,  1980;  Atassi,  1982),  ragweed  allergen  Ra3  T^tassi  and  Atassi, 
1985,  1986),  hemoglobin  (Kazim  and  Atassi,  1980;  Yoshioka  and  Atassi,  1986), 
acetylcholine  receptor  a  chain  (Mulac-Jericevic  et  al_.,  1987)  and  human 
DR2e  chain  (Atassi  et  al_. ,  1987)]  have  been  elucidated.  In  contrast,  only 
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within  the  last  four  years  has  the  fine  specificity  of  T-cell  recognition 
of  proteins  been  studied  in  similar  detail  with  rigorous  synthetic  peptide 
strategies.  Hen  egg  lysozyme  and  myoglobin  were  the  first  two  proteins  for 
which  full  profiles  of  their  T-and  B-cell  recognition  became  known  (Bixler 
et  al.,  1984a, b;  Bixler  and  Atassi,  1983,  1984a, b). 

The  complete  antigenic  (antibody  binding)  structure  of  lysozyme  has  been 
determined  (Atassi,  1978).  Three  major  sites  accounting  for  over  98%  of 
anti-lysozyme  antibodies  have  been  precisely  defined  and  synthetically  con¬ 
firmed  by  the  concept  of  surface-simulation  synthesis  (Atassi,  et  al_.,  1976; 
Lee  and  Atassi,  1976,  1977a, b;  Atassi  and  Lee,  1978a, b).  These  sites  com¬ 
prise  amino  acid  residues  that  are  spatially  adjacent  but  distant  in  se¬ 
quence  (termed  discontinuous  antigenic  sites;  Atassi  and  Smith,  1978)  and 
thus  are  different  in  architecture  from  the  antigenic  sites  of  myoglobin 
(Atassi,  1975)  which  comprise  conformational ly  sensitive  continuous  portions 
of  the  polypeptide  chain  (termed  continuous  antiqenic  sites;  Atassi  and 
Smith,  1978). 

Several  reports  have  suggested  that,  in  lysozyme,  T  and  B  cells  recog¬ 
nize  different  structural  features  (Thompson  et  aj_. ,  1972;  Sugimoto  et  al . , 
1975;  Scibienski  et  aj_.,  1978).  B  cells  were  thought  to  recognize  the 
native  conformation  whereas  T  cells  recognize  the  unfolded  protein.  Studies 
with  large  lysozyme  fragment  produced  by  cyanogen  bromide  cleavage  appar¬ 
ently  identified  a  broad  area  (encompassing  93  residues)  of  T-cell  recogni¬ 
tion  (Maizels  et  al_.,  1980).  The  large  size  of  the  fragments  did  not  permit 
resolution  of  the  number  and  the  location  of  T-cell  recognition  site(s) 
within  this  large  area.  Recent  studies  from  this  laboratory  using  synthetic 
uniform  overlapping  peptides  representing  the  entire  lysozyme  chain  have 
permitted  localization  of  four  continuous  regions  of  T-cell  recognition  in 
six  high  responder  mouse  strains  (Bixler  et  aU,  1984b).  Additional 
studies  have  demonstrated  that  T  cells  also  recognize  discontinuous 
features  of  a  molecule  (Bixler  and  Atassi,  1984b). 

In  presentation,  an  antigen  is  recognized  in  association  with  la 
molecules  on  the  cell  surface  (Keck,  1975,  Melchers  et  al.,  1973,  Lozner  et 
al . ,  1974;  Okuda  et  aK,  1978,  1979b),  and  each  antigenic  site  of  a 
multi-determinant  protein  is  under  separate  Ir  gene  control  (Okuda  et  al . , 
1979a).  It  is  widely  believed  that  the  antigen  must  be  fragmented  prior  to 
its  presentation  to  T  cells  (Ziegler  and  Unanue,  1981,  1982;  Chesnut  et 
al . ,  1982;  Shimonkevitz,  1983;  Lee  et  al.,  1982;  Allen  and  Unanue,  1984,; 
Allen  et  al_.,  1984).  This  "processing1'-' event,  however,  has  not  been 
clearly  resolved  because  of  the  antigenic  complexity  of  the  models  used. 

In  contrast,  protein  antigens  whose  full  profiles  of  T-  and  B-cell  recogni¬ 
tion  are  known,  such  as  lysozyme  (Atassi,  1978,  Bixler  et  aJL,  1984a, b; 
Bixler  and  Atassi,  1984b)  offer  distinct  advantages  for  the  unravelling  of 
antigen  processing.  From  the  T-cell  proliferative  responses  obtained  after 
priming  with  synthetic  peptides  which  encompass  the  entire  protein,  we  have 
found  (Bixler  et  aj_. ,  1985)  that  the  pattern  of  recognition  observed  after 
peptide-priming  differs  from  that  obtained  after  priming  with  the  native 
protein.  These  findings  have  presented  strong  evidence  against  processing 
of  the  antigen  into  fragments  as  a  prerequisite  to  its  presentation. 


MATERIALS  AND  METH00S 
Materials 

A/J  ( H-2a ) ,  Balb/c  and  DBA/2  (H-2d),  B10.BR  (H-2k),  DBA/1  (H-29) 
and  SJL  (H-2S)  mice,  6-10  weeks  of  age,  were  purchased  from  Jackson 
Laboratories,  Bar  Harbor,  ME.  Native  hen’s  egg  white  lysozyme  (three  times 
crystallized)  and  concanavalin  A  (Con  A)  were  obtained  from  Sigma  Chemical 


90 


Co.,  St.  Louis,  MO.  Purified  protein  derivative  (PPD)  was  purchased  from 
Connaught  Laboratories  Ltd.,  Swiftwater,  PA. 

Synthetic  Peptide 

The  primary  structure,  synthesis,  purification  and  characterization  of 
the  overlapping  peptides  (Figure  1)  which  encompass  the  entire  poly-peptide 
chain  of  lysozyme  (Bixler  et  al_. ,  1984b)  and  the  surface-simulation  sites 
of  lysozyme  (For  review  see  Atassi,  1978)  have  been  previously  described. 
The  structures  of  the  surface-simulation  synthetic  sites  are: 

Site  1:  ARG-GLY-GLY-ARG-GLY-GLU-GLY-GLY-ARG-LYS 
Site  2:  PHE-GLY-LYS-LYS-ASN-THR-ASP 
Site  3:  LYS-ASN-ARG-GLY-PHE-LYS 
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I  20  31  50  61  81  93  113 

& _ 33  is _ S3  22 _ 22  £3 _ 122 

Fig.  1.  Schematic  diagram  illustrating  the  overlapping  peptide  strategy 
used  to  localize  the  continuous  sites  of  T-cell  recognition  in 
lysozyme.  The  identity  of  the  overlapping  synthetic  peptides  is 
indicated  by  the  numbers  which  refer  to  the  first  and  last  residues 
in  the  covalent  structure.  Figure  is  from  Bixler  et  al  (1984b). 


Immunization  of  Mice 


Mice  were  immunized  subcutaneously  at  the  base  of  the  tail  with  100  yg 
of  a  lysozyme,  25  ug  of  peptide  or  100  yg  of  an  equimolar  mixture  of  the 
overlapping  peptides  emulsified  in  Freund's  complete  adjuvant  containing 
Mycobacterium  tuberculosis,  strain  H37Ra  (Difco,  Detroit,  MI)  as  previously 
described  (Bixler  and  Atassi,  1983).  Seven  days  after  immunization, 
inguinal  and  periaortic  lymph  node  were  removed  for  proliferative  assay  or 
preparation  of  long-term  T-cell  cultures. 

Preparation  of  long-term  T  cell  cultures 

Long-term  cultures  of  T  cells  were  prepared  as  previously  described 
( Yoshioka  et  aj. ,  1983;  Bixler,  et  jal_.,  1984b).  The  T  cells  were 
maintained  without  exogenous  growth  factors  in  25  cm^  tissue  culture 
flasks  by  reculturing,  at  approximately  two  week  intervals,  6  x  105 
viable  T  cells  with  40  x  10°  syngeneic,  x-irradiated  (3,300  R)  normal 
spleen  cells  and  an  optimal  concentration  of  antigen  (50  yg/ml). 

Proliferative  assay 

Viable  lymph  node  cells  (5  -  7.5  x  103  cells/well)  in  RPMI  containing 
1%  normal  mouse  serum  or  T  cells  (0.5  -  1  x  104  cells/well)  and  syngeneic, 
X-irradiated  spleen  cells  (0.5  -  1  x  106  cells/well)  in  RPMI  containing 
10^  fetal  bovine  serum  were  cocultured  in  triplicate  with  various  concentra¬ 
tions  of  antigen,  mitogen  or  peptide.  Human  adult  hemoglobin  and  several 
control  peptides  (from  our  library  of  synthetic  peptides)  that  are  unrelated 
to  lysozyme  were  used  as  negative  control  antigens.  After  three  days  of 
incubation  at  37°C  in  a  humidified  5%  CO2  atmosphere,  the  lymphocytes 
were  pulsed  for  18  hr  with  2  yCi/well  [3H]-thymidine  (Research  Products 
International  Corp.,  Mount  Prospect,  IL)  and  then  harvested  onto  glass 
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microtiter  filters  (Whatman,  Clinton,  NJ)  for  counting  by  liquid 
scintillation. 


RESULTS 

Proliferative  response  to  overlapping  synthetic  peptides 

The  proliferative  response  to  synthetic  peptides  of  lymph  node  cells 
from  six  lysozyme-responding  mouse  strains  were  examined  (Table  1).  In 
each  strain,  cultures  were  challenged  with  50  ug/ml  of  lysozyme,  1  yg/ml 
Con  A  or  100  ug/ml  PPD  responded.  No  responses  to  myoglobin  or  unrelated 
peptides  were  observed.  All  of  the  mouse  strains  examined  responded  to 
peptides  16-35  and  46-65.  Peptide  93-113  elicited  a  response  in  T  cell 
from  all  the  mouse  strains,  except  B10.BR.  Positive  responses  to  peptides 
31-50  were  only  observed  with  lymph  node  cells  from  DBA/1  and  A/J  strains 
while  SJL  was  the  only  strain  responsive  to  peptide  109-129.  The  remaining 
peptides  did  not  provoke  responses  in  any  of  the  mouse  strains  examined. 

Proliferative  response  to  surface-simulation  peptides 

The  proliferative  responses  of  lysozyme-primed  T  cells,  maintained  in 
vitro  by  several  (seven)  passages  with  lysozyme,  to  the  surface-simulation 
synthetic  sites  were  determined  (Table  2).  These  cells  gave  substantial 
responses  when  challenged  with  sites  1  or  3.  However,  the  cells  were  only 
moderately  responsive  to  site  2.  The  T  cells  responded  appropriately  to 
lysozyme  or  Con  A,  but  were  unresponsive  to  PPD,  LPS,  or  unrelated  proteins 
or  peptides. 

Proliferative  response  of  peptide-primed  lymph  node  cells  to  synthetic 
peptides  and  to  native  lysozyme 

Lymph  node  cells  from  DBA/1  and  B10.BR  mice  immunized  with  the  indivi¬ 
dual  peptides  were  examined  for  proliferative  activity  to  the  immunizing 
peptide  as  well  as  to  the  intact  protein.  Representative  experiments  are 
shown  in  Figures  2  and  3.  When  either  of  the  peptides  16-35  or  31-50  was 
used  as  the  priming  antigen  in  DBA/1  mice,  the  cells  gave  high  responses  to 
the  priming  peptide  and  intermediate  or  high  responses,  respectively,  to 
native  lysozyme.  Cells  from  mice  primed  with  peptide  93—113  or  46-65 
responded  to  challenge  with  their  respective  peptides  but  were  unresponsive 
to  native  lysozyme.  The  remaining  groups  of  peptide-primed  cells  responded 
weakly  or  not  at  all  to  challenge  with  either  peptide  or  whole  protein. 

Cells  from  B10.BR  mice  primed  with  peptide  109-129  had  the  highest  in  vitro 
responses  to  both  peptide  and  the  native  protein  while  cells  primed  with 
peptide  93-113  also  responded  strongly  to  peptide  and  mounted  an  inter¬ 
mediate  response  to  whole  protein.  In  contrast,  although  intermediate 
peptide  responses  were  observed  in  cells  primed  with  peptides  46-65,  77-97 
or  16-35,  the  cells  had  either  weak  or  no  responses  to  intact  protein. 

Cells  from  mice  that  had  been  primed  with  peptides  61-81  and  31-50  were  also 
weakly  responsive  only  to  the  peptide  whereas  cells  primed  with  peptide  1-20 
were  unresponsive  to  challenge  with  either  peptide  or  whole  protein.  As  a 
positive  control,  cells  from  protein-primed  mice  were  challenged  in  vitro 
with  each  of  the  overlapping  peptides,  the  responses  observed  agreed  with 
the  profile  previously  reported  (Bixler  et  aK ,  1984a, b).  All  of  the  groups 
responded  to  Con  A  and  PPD,  but  were  unresponsive  to  myoglobin  or  synthetic 
myoglobin  peptides  (unrelated  negative  controls).  Unstimulated  cells  had  a 
range  of  background  responses  from  1,455  to  4,988  cpm. 
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unrelated  synthetic  peptides  were  used  as  negative  controls  at  a  dose  of  50  ug/ml. 


Table  2.  Proliferative  response  to  the  surface-simulation  synthetic  sites 
of  B10.BR  T  cells  from  lysozyme-driven  long-term  cultures*. 


Challenge 

antiqen 

Opt.  dose 
(wg/ml)  _ 

[3n]-Thymidine 
incorporation  (4  CPM) 

Site  1 

6.25 

10,821 

Site  2 

6.25 

4,778 

Site  3 

1.56 

8,564 

Lysozyme 

25 

42,883 

Con  A 

38, 762 

PPD 

0 

LPS 

0 

Myoglobin 

0 

*  The  T  cells  were  harvested  after  seven  in  vitro  passages  with  lysozyme. 

The  A  CPM  is  relative  to  the  mean  of  the  cell  responses  to  unrelated  pro¬ 
teins  or  peptides  (3,048  +  651  cpm).  The  cells  were  challenged  with  peptides 
or  lysozyme  in  the  dose  range  50-0.78  ug/ml  and  the  maximum  response  at  the 
indicated  optimum  dose  is  given  for  each  antigen.  Note  that  the  surface- 
simulation  synthetic  peptides  are  the  sites  to  which  the  antibody  response 
against  native  lysozyme  is  directed.  Table  is  from  Bixler  and  Atassi  (1984b). 


Table  3.  Summary  of  the  proliferative  response  of  DBA/1  and  B10.BR  lymph 
node  cells  to  peptides  or  whole  protein* 


Antigen: 

dbaTT 

BlO.BR 

Priming 

Peptide 

Prot. 

Mixt. 

Peptide  Prot. 

Mixt. 

Challenge: 

Pept. 

Prot. 

Pept. 

Pept. 

Pept. 

Prot.  Pept. 

Pept. 

Peptide: 

1-20 

16-35 

4-  +  4-  4- 

4*  4- 

4- 

4-  4-  4-  4- 

4-4-4- 

4- 

4-  4- 

31-50 

+  +  +  4- 

4-  4-  +  4- 

+  4* 

4-  4-  + 

4* 

—  _ 

46-65 

+  + 

— 

4- 

4- 

4-4-4- 

4-4- 

4-4-4- 

61-81 

- 

- 

— 

— 

4- 

_  _ 

- 

77-97 

- 

- 

— 

4- 

4-4-4- 

—  — 

4- 

93-113 

4-  + 

- 

4-4-4- 

4* 

4-4-4- 

4-4- 

4- 

109-129 

— 

- 

- 

4-  4-  4-  4- 

4-4- 

- 

The  assignment  of  positive  and  negative  responses  for  the  purpose  of  this 
table  was  based  on  considerations  of  both  stimulation  index  and  net  c.p.m. 
values.  When  the  response  was  less  than  twice  that  of  the  background,  and 
when  the  c.p.m.  was  less  than  3000,  the  response  was  denoted  (-).  For  the 
positive  responses,  the  symbols  are  used  to  denote  the  following  net  c.p.m. 
values:  (+)  3000-10,000  c.p.m.;  (+  +)  10,000-25,000  c.p.m.;  (+++)  25,000- 
50,000  c.p.m.;  (++++)  >50,000  c.p.m.  For  actual  values,  see  Bixler  et  al 
(1985)  and  the  previous  reports  on  the  localization  of  sites  of  T-cell 
recognition  (Bixler  et  al.. ,  1984a. b).  Table  is  from  Bixler  et  al_. ,  (1985). 
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Fig.  2.  (Left)  The  proliferative  response  of  peptide-primed  DBA/1  lymph 
node  cells  to  in  vitro  challenge  with  peptide  (center  panel)  or 
with  the  intact  lysozyme  molecule  (bottom  panel).  For  comparison, 
the  proliferative  response  of  protein  primed  lymph  node  cells  which 
were  challenged  in  vitro  with  peptides  are  also  shown  (top  panel). 
Peptide  numbers  refer  to:  (1)  peptide  1-20,  (2)  peptide  16-35,  (3) 
peptide  31-50,  (4)  peptide  46-65,  (5)  peptide  61-81,  (6)  peptide  77- 
97,  (7)  peptide  93-113,  (8)  peptide  109-129.  Figure  is  plotted  from 
data  reported  by  Bixler  et  al_,  (1985). 

Fig.  3.  (Right)  The  proliferative  response  of  peptide-primed  B10.BR  lymph 
node  cells  to  in  vitro  challenge  with  peptide  (center  panel)  or  the 
intact  lysozyme  molecule  (bottom  panel).  For  comparison,  the  proli¬ 
ferative  response  of  protein  primed  lymph  node  cells  which  were 
challenged  in  vitro  with  peptides  are  also  shown  (top  panel).  Pep¬ 
tide  numbers  refer  to  the  regions  given  in  Figure  2.  Figure  is 
plotted  from  data  reoorted  by  Bixler  et  al_.  (1985). 

Proliferative  response  of  lymph  node  cells  primed  with  a  mixture  of  the 
overlapping  peptides 

It  is  now  known  (Atassi  et  al_.,  1981;  Krco  et  a_^.,  1981)  that  recogni¬ 
tion  of  various  regions  on  a  multi-determinant  complex  antigen  is  subject 
to  inter-site  regulatory  effects.  Therefore,  it  was  necessary  to  rule-out 
the  possibility  that  differences  in  the  patterns  of  peptide  recognition  be¬ 
tween  protein-primed  and  peptide-primed  mice  could  be  due  to  some  inter-site 
regulatory  effects  among  various  regions  of  the  whole  protein  which  would 
not  play  a  role  when  each  peptide  individually  is  used  for  priming.  A  pep¬ 
tide  mixture  consisting  of  equimolar  quantities  of  all  of  the  peptides  was 
used  to  prime  both  DBA/1  and  B10.BR  mice.  Representative  experiments  show¬ 
ing  the  proliferative  responses  of  these  mice  to  challenge  with  individual 
peptides,  a  peptide  mixture,  or  native  protein  are  presented  in  Figure  4. 

Lymph  node  cells  from  DBA/1  mice  responded  strongly  to  peptides  16-35 
and  31-50  as  well  as  to  the  peptide  mixture.  The  response  to  the  whole 
protein  was  intermediate.  Several  peptides,  46-65,  77-97,  and  93-113, 
evoked  only  low  proliferative  responses.  No  response  was  obtained  on 
challenge  with  the  remaining  peptides.  Unrelated  molecules  evoked  no 
response.  The  cells  also  responded  appropriately  to  both  Con  A  and  PPD. 

In  lymph  node  cells  from  peptide  mixture-primed  B10.BR  mice  (Figure  5), 
the  strongest  responses  to  in  vitro  peptide  challenge  were  obtained  with 
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peptide  46-65  and,  to  a  lesser  extent,  with  peptide  16-35  or  with  the 
peptide  mixture.  Challenge  with  the  whole  protein  or  with  peptide  93-113 
generated  low-to-intermediate  responses.  A  low  response  was  also  observed 
in  cultures  challenged  with  peptide  77-97.  The  remaining  peptides  elicited 
very  little  or  mo  increases  in  proliferation.  The  cells  responded  to  Con  A 
and  PPD  but  were  unresponsive  to  challenge  with  myoglobin  or  synthetic 
myoglobin  peptides. 


Fig.  4.  (Left)  The  proliferative  response  of  peptide  mixture-primed  DBA/1 
lymph  node  cells  (lower  panel)  and,  for  comparison,  the  prolifera¬ 
tive  response  of  protein  primed  lymph  node  cells  (upper  panel)  to 
challenge  in  vitro  with  peptides.  Peptide  numbers  are  defined  in 
Figure  2.  This  figure  is  plotted  from  data  reported  by  Bixler  et 
al  (1985). 

Fig.  5.  (Right)  The  proliferative  response  of  peptide  mixture-primed  B10.BR 
lymph  node  cells  (lower  panel)  and,  for  comparison,  the  prolifera¬ 
tive  response  of  protein  primed  lymph  node  cells  (upper  panel)  to 
challenge  in  vitro  with  peptides.  Peptide  numbers  are  defined  in 
Figure  2.  This  figure  is  plotted  from  data  required  by  Bixler  et 
al  (1985). 


DISCUSSION 

In  order  to  localize  the  continuous  regions  of  T  cell  recognition  a 
comprehensive  synthetic  strategy  introduced  earlier  by  this  laboratory 
(Kazim  and  Atassi,  1980)  was  adopted.  This  strategy  consists  of  syste¬ 
matically  synthesizing  a  series  of  consecutive  overlapping  peptides  of 
uniform  size  which  together  account  for  the  entire  protein  chain  (Kazim  and 
Atassi,  1980).  The  advantages  of  this  approach  have  been  discussed  in 
detail  (Kazim  and  Atassi,  1980,  1982).  We  have  determined  that  a  5-residue 
overlap  at  each  end  of  the  consecutive  peptides  is  optimal  for  avoiding 
scission  of  antigenic  sites  and  in  terms  of  synthetic  load.  In  recent 
studies  (Young  and  Atassi,  1982,  1983)  on  the  effect  of  peptide  size  on  T 
cell  prol iferation  to  a  myoglobin  antigenic  site,  it  was  found  that 
peptides  greater  than  14  residues  gave  an  optimal  response.  Accordingly, 
we  decided  to  employ  20  or  21-residue  peptides. 

Examination  of  the  proliferative  responses  of  lymph  node  cells  to  the 
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peptides  enabled  the  localization  of  ‘continuous1  regions  of  T-cell 
recognition  (Figure  6)  on  the  polypeptide  chain  (Bixler  et  aK ,  1984a, b). 
Taking  into  account  the  absence  of  reactivity  of  adjacent  overlapping 
peptides  and  applying  rationale  previously  discussed  (Kazim  and  Atassi, 
1982),  it  was  possible  to  conclude  that  lysozyme  has  four  continuous  T 
sites  residing  within  the  regions  shown  in  Figure  6.  In  SJL  mice,  a  shift 
in  the  boundaries  of  T  site  4  was  exhibited  which  is  reminiscent  of  that 
previously  found  for  protein  sites  recognized  by  antibodies  (Koketsu  and 
Atassi,  1973,  1974;  Atassi,  1975;  Kazim  and  Atassi,  1982).  A  similar  shift 
in  the  recognition  of  T  site  1  in  SJL  and  BIO.  BR  mice  was  also  observed. 
The  H-2d,  H-2^  and  H-2$  haplotypes  did  not  recognize  site  2  because 
of  Ir  gene  control.  It  should  be  noted  that  these  localized  regions  (For 
summary,  see  Figure  6)  were  made  intentionally  larger  than  the  expected 
size  of  T  sites  (Young  and  Atassi,  1982)  to  avoid  errors  in  assignments  at 
this  stage.  Accurate  narrowing  down  of  the  boundaries  of  these  regions 
will  require  synthesis  of  apprporiate  overlapping  peptides  around  these 
indicated  sites  (Atassi,  1975;  Bixler  et^^.,  1986). 

As  seen  here,  it  is  not  unexpected  that  individual  antigenic  sites  of 
proteins  are  each  under  separate  control  since  it  was  previously  shown 
that  the  T-lymphocyte  and  antibody  responses  to  the  five  synthetic  anti¬ 
genic  sites  of  myoglobin  are  each  under  separate  genetic  control  (Okuda  et 
al.,  1979a;  Twining  et  ^1,  1981).  Furthermore,  the  immune  responses  to  the 
Tndi v'dual  antigenic  sites  of  a  multideterminant  protein  antigen  are 
complicated  by  the  regulatory  effects  of  intersite  influences  which  can  be 
of  either  help  or  suppression  in  nature  (Atassi  et  aK,  1981;  Krco  et  al., 
1981).  In  fact  a  region  in  lysozyme  has  been  postulated,  from  comparison 
of  T-cell  response  to  lysozyme  from  various  species,  to  induce  suppressor  T 
cells  (Semma  et  al . ,  1981).  However,  this  still  lacks  confirmation  by 
independent  studies  with  synthetic  peptides. 

Several  years  ago,  the  antigenic  (antibody  binding)  sites  of  lysozyme 
were  localized,  defined  and  confirmed  by  ‘surface-simulation1  synthesis 
(Atassi  et  aK ,  1976;  Lee  and  Atassi,  1976;  Atassi,  1978).  The  sites  were 
found  to  consist  of  surface  residues  from  distant  portions  of  the  sequence 
which  were  brought  into  close  spatial  proximity  by  the  folding  of  the  poly¬ 
peptide  chain  (Atassi,  1978).  The  three  discontinuous  lysozyme  sites 
account  for  greater  than  98  of  anti-lysozyme  antibodies  raised  in  several 
host  species  (Atassi,  1978,  1979).  Their  participation  in  T-cell  recogni¬ 
tion,  however,  required  investigation. 


Lysozyme  1 

Strain  Hap+otyp# 
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_  27 

34  47  49  62 

_ ua 

96  no 

BAL&C  d 
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49  62 
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49  62 
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49  62 

DBA/1  9 

16  27 

34  47  49  62 

96  no 
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17  29 

49  62 

C6  T16 

T  SITES 

1 

2  3 

4 

Schematic  diagram  summarizing  the  sites 
polypeptide  chain  of  lysozyme  in  several 

localized  within  the 
mouse  strains.  Note 

each  T  site  falls  within  but  may  not  necessarily  include  all  of 
the  regions  indicated.  Only  those  regions  which  generated  a  proli¬ 
ferative  response  exceeding  a  stimulation  index  of  2.0  are  shown 
here.  In  addition  to  these  continuous  sites  to  which  no  antibody 
responses  are  detected,  lysozyme-specific  T-cell  long-term  cul¬ 
tures  have  been  shown  to  respond  to  the  three  discontinuous 
surface-  simulation  synthetic  sites  that  are  the  target  of  antibody 
(B-cell)  recognition.  Figures  is  from  Bixler  et  al  (1984b). 
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In  our  studies  of  the  T-cell  recognition  sites  of  myoglobin,  it  was 
found  that  the  sites  recognized  by  antibody  (i.e.  B  cells)  are  also  recog¬ 
nized  by  T  cells  (Okuda  et  aj_.,  1979a;  Bixler  and  Atassi,  1983;  Yoshioka  et 
al_. ,  1983;  Young  and  Atassi,  1982,  1983).  Initial  attempts  to  detect  I-ceTl 
proliferative  activity  to  the  surface-simulation  peptides  in  lysozyme-primed 
lymph  node  cells  gave  erratic  but  yet  tantalizing  results.  In  order  to  in¬ 
crease  the  probability  of  detecting  T-cell  proliferative  activity  to  the 
surface-simulation  sites,  T-cell  long-term  cultures  derived  from  lysozyme 
primed  mice  were  examined  for  T-cell  responses  to  the  surface-simulation 
synthetic  sites.  It  was  fascinating,  yet  somewhat  unexpected  by  present 
dogma,  that  each  of  the  three  surface-simulation  synthetic  sites  provoked  a 
response,  with  site  1  being  the  most  immunogenic  in  this  mouse  strain. 

The  demonstration  of  T  cell  responses  to  discontinuous  (surface-simula¬ 
tion)  sites  is  very  significant.  From  studies  with  native  lysozyme  and  its 
S-carboxymethyl  derivatives  it  was  suggested  (Thompson  et  al_. ,  1972; 

Sugimoto  et  a1_.,  1975)  that  the  structures  recognized  by  T  and  B  cells  were 
different  since  the  native  protein  and  its  unfolded  derivative  cross-reacted 
at  the  T-cell  level  but  not  at  the  antibody  (B-cell)  level.  Subsequent 
studies  with  cyanogen  bromide  cleavage  fragments  gave  a  fragment  that  was 
recognized  by  T  cells  but  not  by  antibodies  (Maizels  et  aK,  1980),  further 
supporting  this  view.  However,  our  results  clearly  show  that  T  cells  are 
not  restricted  to  recognition  of  continuous  features  of  the  protein  but 
that  they  do  recognize  discontinuous  sites  (Bixler  and  Atassi,  1984b)  whose 
existence  is  entirely  dependent  on  the  integrity  of  the  native  three- 
dimensional  structure  (Atassi,  1978).  In  light  of  this  data,  the 
previously  perceived  dichotomy  thought  to  exist  (Maizels  et  aK ,  1980) 
between  T-and  B-cell  reactivities,  i.e.  that  T  and  B  cells  recognize 
fundamentally  different  structural  features,  has  been  resolved.  Similar 
findings  have  been  demonstrated  with  sperm  whale  myoglobin  where  the  sites 
recognized  by  antibody  (B  cells)  (Atassi,  1975)  are  also  recognized  by  T 
cells  (Okuda  et  £l_. ,  1979a;  Bixler  and  Atassi,  1983,  1984a;  Yoshioka  et 
a!.,  1983),  but  there  are  also  regions  recognized  by  T  cells  for  which  no 
detectable  antibody  response  can  be  found  (Bixler  and  Atassi,  1983,  1984a). 

The  finding  that  T  cells  recognize  the  surface-simulation  synthetic 
peptides  (Bixler  and  Atassi,  1984b)  which  mimic  the  discontinuous  sites 
that  bind  to  antibody  (Atassi,  1978)  is  of  basic  consequence  to  our 
understanding  of  antigen  presentation.  The  integrity  of  discontinuous 
sites  is  entirely  dependent  on  the  retention  of  the  three-dimensional 
structure  of  the  protein  and  would  be  destroyed  by  its  fragmentation 
(Atassi,  1978)  during  processing.  Clearly,  the  synthetic  peptides  which 
simulate  surface  regions  of  lysozyme  and  which,  after  all,  do  not  exist  in 
the  protein,  could  not  be  generated  by  a  fragmentation  process.  Consistent 
with  this  conclusion,  is  the  finding  that  populations  of  T-cell  clones 
following  priming  with  native  cytochrome  c  were  reported  to  be  different 
from  those  obtained  after  priming  with  the  denatured  protein  (Buchmuller  and 
Corradin,  1982).  The  dependence  of  immune  recognition  on  the  conformation 
of  the  protein  is  not  easily  explained  by  the  current  dogma  of  antigen 
presentation  as  being  that  of  'processed'  fragments. 

From  more  recent  studies  using  individual  peptides  for  priming,  it  was 
found  (Bixler  et  ah ,  1985)  that  some  peptides,  which  carry  T  sites,  prime 
T  cells  to  respond  to  the  respective  peptide  as  well  as  to  the  protein 
(e.g.  peptides  16-35  and  31-50  in  DBA/1).  However,  it  should  be  noted  that 
the  levels  of  in  vitro  responses  to  these  peptides  were  much  higher  after 
peptide  priming  than  after  protein  priming  (for  summary,  see  Table  3). 

Also,  some  peptides  that  are  not  associated  with  T  sites,  (i.e.  were  not 
recognized  after  protein  priming),  did  not  prime  for  either  anti-peptide  or 
anti-protein  in  vitro  responses  (in  DBA/1,  peptides  1-20,  61-81,  77-97  and 
109-129;  in  BlO.BR,  peptide  1-20).  If,  as  indicated  by  current  dogma. 
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antigen  presentation  proceeds  via  antigen  fragmentation,  then  it  would  be 
expected  that  those  peptides  that  are  associated  with  protein  T  sites 
should  p-ime  for  in  vitro  responses  to  both  the  priming  peptide  and  the 
protein.  Conversely,  regions  that  are  not  associated  with  T  sites  on  the 
protein  shorld  not  prime  for  an  j_n  vitro  response  to  the  priming  peptide  or 
to  the  p-'tein.  Thus,  the  results  discussed  in  this  paragraph,  are 
consistent  with  the  idea  (at  least  qualitatively)  that  peptide  fragments 
are  the  species  presented  after  priming  with  native  protein. 

The  fragmentation  of  antigen  prior  to  its  presentation,  however,  is  not 
supported  by  the  rest  of  the  results.  Several  regions  that  coincide  with 
protein  T  sites  were  effective  in  priming  for  an  jjn  vitro  anti-peptide 
response,  but  these  cells  did  not  respond  to  native  protein  (in  DBA/1, 
peptides  46-65  and  93-113;  in  B10.BR,  peptides  16-35  and  46-65).  Some 
peptides  which  are  not  associated  with  protein  T  sites  primed  T  cells  for 
in  vitro  response  only  to  the  immunizing  peptide  but  not  to  the  protein  (in 
BT0.br,  peptides  31-50,  61-81  and  77-97).  Further,  some  peptides,  though 
not  associated  with  the  protein  T  sites,  primed  T  cells  for  in  vitro 
response  to  the  immunizing  peptide  and  to  the  protein  (e.g.  in  B10.BR, 
peptides  93-113  and  109-129).  These  findings  do  not  support,  and  indeed 
pose  serious  problems  for  the  current  dogma. 

Inter-site  regulatory  influences  have  been  shown  (Atassi  et  aj_.,  1981; 
Krco  et  al_. ,  1981)  to  play  an  important  role  in  the  immune  response  to  a 
protein  antigen.  Therefore,  we  examined  the  possibility  that  the  above 
differences  may  be  due  to  absence  of  these  regulatory  influences  when 
individual  peptides  are  used  as  the  priming  antigens  (Bixler  et  al . , 

1985).  A  mixture  containing  equimolar  quantities  of  all  the  overlapping 
peptides  was  employed  for  priming  at  the  same  dose  that  was  used  in  priming 
with  lysozyme.  Indeed,  differences  were  found  in  the  pattern  of  recogni¬ 
tion  of  various  peptides  after  priming  with  individual  peptides  as  compared 
to  that  obtained  after  priming  with  the  mixture  (Bixler  et  al.,  1985). 

These  differences  may  well  reflect  inter-site  regulatory  efTects  operating 
in  the  case  of  priming  with  the  peptide  mixture.  However,  this  point  needs 
more  study.  At  any  rate,  priming  with  peptide  mixture  generated  T  cells 
that  responded  in  vitro  to  peptides  which  carry  protein  T  sites  (in  DBA/1, 
peptides  16-35, ~ Tl-50,  46-65  and  93-113;  in  B10.BR,  peptides  16—35  and 
46-65).  There  were,  however,  large  quantitative  differences  in  the  levels 
of  the  _in  vitro  responses  to  the  peptides  that  are  recognized  both  after 
mixture  priming  or  after  protein  priming  (for  suirmary,  see  Table  3).  In 
addition,  it  should  be  noted  that  some  peptides  were  recognized  in  vitro 
after  in  vivo  priming  with  the  peptide  mixture  but  not  after  protein 
priming  (peptides  93-113  in  B10.BR  and  77-97  in  both  DBA/1  and  B10.BR). 
Since  all  the  regions  present  in  the  peptide  mixture  are  presumably  present 
in  the  native  protein  (if  it  were  processed),  then  the  differences  in 
patterns  of  recognition  cannot  entirely  be  attributed  to  the  absence  of 
inter-site  regulatory  effects. 

In  conclusion,  the  T-cell  recognition  and  antigen  presentation  of 
lysozyme  have  been  investigated.  Using  synthetic  overlapping  peptides 
encompassing  the  entire  lysozyme  chain  to  challenge  lysozyme-primed  lymph 
node  cells,  four  continuous  regions  of  T-cell  recognition  have  been  identi¬ 
fied.  These  regions  were  mapped  to  small,  discrete  regions  of  the  protein. 

Significantly,  in  addition  to  these  regions,  the  surface-simulation  pep¬ 
tides,  representing  the  discontinuous  antiqenic  (antibody-binding)  sites 
which  are  known  to  bind  greater  than  98%  of  anti-lysozyme  antibodies,  also 
stimulated  T  cells  obtained  from  long  term  lysozyme  specific  T-cell  lines. 
Clearly,  therefore,  T  and  B  cells  can  recognize  the  same  regions  of  a 
protein.  With  the  advantage  of  knowing  the  full  profile  of  the  T-cell 
recognition  regions,  a  comparison  of  the  patterns  of  recognition  following 
protein  priming  as  opposed  to  peptide  priming  was  undertaken.  Significant 
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differences  in  the  patterns  were  revealed.  As  seen  here,  the  T-cell 
response  to  a  free  peptide  often  has  little  or  no  relationship  to  the  recog¬ 
nition  by  T  cells  of  the  same  region  on  the  protein.  Thus,  although  protein 
fragments  can  be  presented  and  induce  an  immune  response  and  can  be  seques¬ 
tered  in  the  interior  of  the  cell,  their  significance  to  immune  recognition 
of  the  native  protein  cannot  be  assessed  unless  the  full  profiles  of  T-  and 
B-cell  recognition  of  the  protein  are  known.  These  findings  afford  strong 
evidence  against  a  mechanism  of  antigen  presentation  which  is  dependent  on 
the  generation  of  peptide  fragments  with  the  latter  being  the  'presented' 
species.  Rather,  the  protein  molecule  must  be  presented  in  its  intact  form. 
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ABSTRACT 

A  comprehensive  synthetic  approach  was  employed  to  identify  the  con¬ 
tinuous  regions  of  T-cell  recognition  on  the  a-chain  of  Torpedo  californica 
acetylchol ine  receptor  (AChR).  Eighteen  synthetic  consecutive  overlapping 
peptides,  of  uniform  size  and  overlaps,  that  spanned  the  entire  extracellular 
part  (residues  1-210)  of  the  a  chain  were  examined  for  their  in  vitro  stimu¬ 
lation  of  lymph  node  cells  from  AChR-primed  C57BL/6  (H-2b),  C3H/He 
(H-2k),  SWR ( H— 21 )  and  SJL  (H-2S)  mice.  The  T-cell  recognition  sites  (T 
sites)  in  the  AChR-primed  mouse  strains  resided  within  six  regions  on  the 
extracellular  part  of  the  a-chain.  Three  of  the  regions  recognized  by  T 
cells  coincided  with  regions  recognized  by  antibodies  (i.e.  B  cells)  and  one 
of  these  three  regions  also  coincided  with  an  a-neurotoxin  binding  region. 

It  is  noteworthy  that,  in  addition  to  sites  recognized  by  both  T  and  B 
cells,  the  protein  has  at  least  two  sites  which  are  recoqnized  exclusively 
by  T  cells  and  to  which  no  detectable  antibody  responses  are  directed. 


INTRODUCTION 

The  nicotinic  acetylcholine  receptor  (AChR)  plays  a  central  role  in  post- 
synaptic  neuromuscular  transmission  by  mediating  ion  flux  across  the  cell 
membrane  in  response  to  binding  of  acetylcholine  (McCarthy  et  al.,  1986; 
Changeux  et  al.,  1984).  This  regulatory  activity  is  inhibited  by  binding  to 
an  a-neurotoxin  (Lee,  1979)  or  by  some  anti-receptor  antibodies.  The 
receptor  is  a  pentamer  composed  of  four  subunits  (a20Y«).  The  primary 
structures  of  all  four  AChR  subunits  of  Torpedo  cal ifornica  have  been 
deduced  from  the  respective  cDNA  sequence  (Nod a  et  al.,  1982,  1983a, b). 
Functional  studies  have  focussed  mostly  on  the  a  subunit  because  it  has  been 
shown  to  be  responsible  for  binding  acetylcholine  (Sobel  et  al.,  1977;  Moore 
and  Raftery,  1979,  Tzartos  and  Changeux,  1983)  and  a-neurotoxins  (Lee,  1979). 
From  the  primary  structure  of  each  subunit,  it  was  possbile  to  identify 
transmembrane  hydrophobic  regions  and  the  extracellular  part  of  the  chain 
(Noda  et  al.,  1983b;  Claudio  et  al.,  1983;  Devi llers-Thiery  et  a;.,  1983). 

Previous  immunological  studies  on  acetylcholine  receptor  (AChR)  have 
focussed,  almost  exclusively,  on  the  antibody  response  to  the  molecule, 
probably  because  of  the  association  of  the  autoantibody  response  with  the 
neurological  disease,  myasthenia  gravis  (Appel  et  al.,  1975).  However, 
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autoimmune  recognition  of  a  protein  has  been  shown  (Yokota  et  aj_. ,  1980)  to 
involve  autoimmune  T-cell  responses.  Recently,  the  role  of  the  T  cells  in 
autoimmune  myasthenia  gravis  was  demonstrated  (Lennon  et  al_.,  1985;  Lisak  et 
al . ,  1986;  Sinigaglia  et  al_. ,  1984).  Similar  emphasis  has  also  been  shown  in 
studies  of  other  proteTns.  In  fact,  it  was  only  very  recently,  that  the 
complete  T-cell  recognition  profiles  of  proteins  were  determined  [sperm  whale 
myoglobin  (Bixler  and  Atassi,  1983,  1984a),  hen  lysozyme  (Bixler  and  Atassi, 
1984b;  Bixler  et  al.,  1984a,  1984b),  the  6  chain  of  human  hemoglobin  A 
(Yoshioka  et  al.,~T986)  and  ragweed  allergen  Ra3  (Kurisaki  et^  al_. ,  1986)]. 
These  profiles  were  mapped  by  application  of  a  comprehensive  synthetic  pep¬ 
tide  strategy  (Kazim  and  Atassi,  1980).  In  the  case  of  lysozyme,  the 
surface-simulation  synthetic  sites  (Atassi,  1978)  were  also  recognized  by 
T-cells  (Bixler  and  Atassi,  1984b). 

Recently  we  derived  (Mulac-Jericevic  et  a_l_. ,  1987),  by  a  set  of  consecu¬ 
tive  overlapping  synthetic  peptides  which  spanned  the  entire  extracellular 
part  (residues  1—210)  of  the  <x  chain  of  AChR,  the  full  profile  of  the  con¬ 
tinuous  antigenic  regions  recognized  by  anti-AChR  antibodies.  These  synthetic 
overlapping  peptides  were  then  employed  (Yokoi  et  1987)  to  localize  the 
T-cell  recognition  profile  of  this  part  of  the  a  chain  in  mouse  strains  that 
had  been  immunized  (primed)  with  native  AChR. 


MATERIALS  AND  METHODS 

Preparation  of  receptor  and  synthetic  peptides 

The  AChR  was  prepared  from  the  electric  organ  of  Torpedo  californica  as 
described  elsewhere  (Mulac-Jericevic  et  al-,  1987).  The  primary  structures, 
of  the  eighteen  overlapping  peptides  encompassing  the  entire  extracelluar 
part  (residues  1-210)  of  the  <*  chain  of  AChR  (Mulac-Jericevic  and  Atassi, 
1987)  are  shown  in  Figure  1. 

Immunization  of  mice 

C57BL/6(H-2b),  C3H/He  (H -2k),  SWR  (H-29),  RIIIS  (H-2r)  and  SJL 
(H-2S)  mice  between  6  and  10  weeks  of  age  were  obtained  from  Jackson 
Laboratories  (Bar  Harbor,  ME).  To  determine  the  optimum  priming  dose  for 
each  mouse  strain,  the  mice  were  immunized  subcutaneously  at  the  base  of  the 
tail  with  varying  doses  of  AChR  in  the  range  5-50  vg  per  mouse.  The  antigen, 
in  PBS  (50  yl),  was  emulsified  with  Freund's  complete  adjuvant  (50  ul) 
containing  Mycobacterium  tuberculosis,  strain  H37Ra  (Difco,  Detroit,  MI)  as 
described  by  Corradin  et  al.  (1977). 

1987)  are  shown  in  Figure- T. 

Proliferative  assay 

Seven  days  after  priming  with  AChR,  lymph  node  cells  were  harvested  from 
the  mice  and  suspended  in  RPMI  1640  containing  1%  fresh,  autologous  normal 
mouse  serum.  The  number  of  viable  cells  was  determined  by  vital  staining 
with  flourescein  diacetate  (Rotman  and  Papermaster,  1966).  Viable  lymph  node 
cells  (3.0  x  10$  cells/well)  were  cocultured  in  triplicates  with  various 
concentrations  of  AChR  (from  2.5-20  yg/ml),  peptides  (from  10-40  yg /  ml), 
mitogen  or  control  unrelated  proteins  and  peptides  [lysozyme  synthetic  pep¬ 
tide  31-50  (Bixler  et  al_. ,  1984b),  hen  egg  lysozyme  and  ovalbumin].  The  cul¬ 
tures  were  incubated  five  days  at  37°C  in  a  humidified  5%  CO2  atmosphere, 
pulsed  (18  hrs)  with  2  yCi/well  [3H]-thymidine  (Research  Products  Interna¬ 
tional  Corp.,  Mount  Prospect,  IL)  and  then  harvested  onto  glass  microfiber 
filters  (Whatman,  Clinton,  NJ)  and  counted  by  liquid  scintillation. 
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Peptide  Structure 

1-16  S-E-H-E-T-R-L-V-A-N-L-L-E-N-Y-N 

12-27  L^T-N-Y^N-K-V-I-R-P-V-E-H-H-T-H 

23-38  eIR-H-T^H-F-V-D-I-T-V-G-L-Q-L-I 

34-49  g-L-Q-L-I-Q-L-I-S-V-D-E-V-N-Q-I 

45-60  E-V-N-Q-l-V-E-T-N-V-R-L-R-Q-Q-W 

56-71  L-R-Q-Q-W-I-D-V-R-L-R-W-N-P-A-D 

67-82  W— N— P— A— D— Y— G— G— I— K— K— I— R— L— f*— S 

78-93  I-R-L-P^5-D-D-V-W-L-P-D-L-V-L-Y 

89-104  D-L-V-L-Y-N-N-A-D-G-D-F-A-I-V-H 

100-115  fia-I-V^T-m-t-k-l-l-l-d-y-t-g-k 

111-126  D^T-G^K-I-M-W-T -P-P-A- I -F-K-S 

122-138  A-I-F-K-5— Y-C-E— I-I-V-T-H-F-P— F-D 

134-150  h-F-P-F-D-Q-Q-N-C-T-M-K-L-G-I-W-T 

146-162  L-G-l-kl-T-Y-D-G-T-K-V-S-I-S-P-E-S 

158-174  I-S-P-E-S-D-R-P-D-L-S-T-F-M-E-S-G 

170-186  F-M-E-S^E-E-W-V-M-K-D-Y-ft-G-W-k-H 

182-198  R-G-W-K-H-W-V-Y-Y-T-C-C-P-D-T-P-Y 

194-210  P-D-T-P-Y-L-D-I-T-Y-H-F-I-M-Q-R-I 

Fig.  1  Structure  of  the  synthetic  overlapping  peptides  representing  the 
extracellular  part  (residues  1-210)  of  the  a  chain  of  the  Torpedo 
californica  AChR.  The  regions  of  overlaps  between  consecutive  pep¬ 
tides  are  underlined.  The  single  letter  notations  of  the  amino  acids 
are:  A,  alanine;  C,  cysteine;  0,  aspartic  acid;  E,  glutamic  acid;  F, 
phenylalanine;  G,  glycine;  H,  histidine;  I,  isoleucine;  K,  lysine;  L, 
leucine;  M,  metionine;  N,  asparagine;  P,  proline;  Q,  glutamine,  R,  ar¬ 
ginine;  S,  serine,  T,  threonine;  V,  valine;  W,  tryptophan;  Y, tyrosine. 


RESULTS 

Determination  of  optimum  dose  conditions  for  various  mouse  strains 

Several  mouse  strains  were  studied  so  that  some  potentially  recognizable 
T  sites  will  not  be  overlooked  due  to  genetic  exclusion  of  their  recognition. 
We  examined  the  responses  of  five  mouse  strains  to  AChR.  These  were:  C57BL/6 
(H-2b),  C3H/He  (H-2K),  SWR  (H-29),  RIIIS  (H-2r)  and  SJL  (H-2S). 

In  each  of  these  mouse  strains,  we  determined  the  optimum  in  vivo  priming 
(from  5.0  to  50yg/mouse)  and  the  Jji  vitro  challenge  (from  2.5  to  20  ug/ml) 
doses  of  AChR.  Figure  2  shows  the  challenge  dose  response  curves  in  two 
mouse  strains  at  different  priming  doses  of  AChR.  Figure  3  shows,  for  the 
five  mouse  strains  immunized  with  optimum  priming  doses,  the  response  curves 
as  a  function  of  challenge  dose.  The  SJL  strain  mice  responded  very 
strongly  to  AChR.  In  this  strain,  the  optimum  priming  dose  was  5  yg  AChR 
per  mouse  giving  a  maximum  proliferative  response  at  the  challenge  dose  of 
5.0  yg  AChR /ml.  The  SWR  strain,  also  responded  very  strongly  to  AChR.  The 
optimum  priming  and  challenge  doses  of  AChR  in  the  SWR  strain  were  5  yg  per 
mouse  and  5  yg/ml,  respectively.  C57BL/6  mice  gave  an  intermediate  response 
at  optimum  AChR  priming  and  challenge  doses  of  5  yg  per  mouse  and  5  yg/ml, 
respectively.  RIIIS  mice  responded  very  weakly  with  optimum  priming  and 
challenge  AChR  doses  of  5  yg/mouse  and  2.5  yg/ml,  respectively.  Finally, 
C3H/He  gave  no  response  to  AChR  at  any  of  the  priming  and  challenge  doses 
tested.  In  all  subsequent  work,  the  optimum  priming  dose  appropriate  for 
each  strain  was  used  and  the  cultures  were  routinely  challenged  with  three 
doses  of  2.5,  5  and  10  yg  per  ml  of  AChR  and  with  peptide  doses  of  10,  20 
and  40  yg  per  ml  of  culture.  The  strains,  SJL,  SWR  (high  responders  to 
AChR),  C57BL/6  (an  intermediate  responder  to  AChR)  and  C3H/He  (a  non¬ 
responder  to  AChR)  were  selected  for  screening  by  the  peptides. 
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Fig.  2  (Left)  A  schematic  diagram  showing  examples  in  two  mouse  strains  of 
the  dependence  of  the  T-cell  responses  on  the  priming  and  challenge 
doses  of  AChR.  Upper  panel  shows  the  responses  of  C57BL/6  (H-2b) 
and  the  lower  panel  gives  the  responses,of  SJL  (H-2S)  mice.  The 
results  at  two  AChR  priming  doses  used  (  5  yg  and  10  mg  per  mouse) 
and  four  challenge  doses  (1  to  10  yg/ml)  are  shown.  Cultures  con¬ 
taining  unstimulated  lymph  node  cell  had  the  following  background 
radioactivities;  C57BL/6:  5  yg  prime,  1,386  c.p.m.;  10  yg  prime, 3,203 

c.p.m.;  SJL:  5  yg  prime,  5,059  c.p.m.;  10  yg  prime,  9,688  c.p.m. 

Fig.  3  (Right)  Dose  response  curves  of  AChR-primed  lymph  node  cells  from  (o) 
C3H/He  (H-2k);  (a)  RIIIS  (H-20;  (o)  C57BL/6  (H-2b);  (a)  SWR 
(H-29)  and  (  )  SJL  (H-2S)  mice.  Cultures  containing  unstimulated 
lymph  node  cells  had  the  following  background  radioactivities: C57BL/6, 
1,386  c.p.m.;  C3H/He,  1,571  c.p.m.;  RIIIS,  6,701  c.p.m.;  SWR,  2,849 
c.p.m.;  SJL,  1,172  c.p.m. 


Proliferative  responses  of  AChR-primed  T-cell s  to  the  synthetic  peptides 

Typical  peptide  dose  response  curves  are  shown  in  Figure  4.  The  results 
with  the  four  mouse  strains  are  summarized  in  Table  1  and  are  given  in  a  con¬ 
venient  diagramatic  presentation  in  Figure  5.  AChR-primed  T  cells  from  SJL 
mice  responded  very  strongly  to  AChR  and,  in  decreasing  levels  of  responses, 
to  the  following  synthetic  overlapping  peptides:  111-126,  67-82,  146-162, 
23-38,  12-27,  100-115  and  78-93  (Table  1).  The  remaining  peptides  caused 
very  little  or  no  significant  responses.  AChR-primed  T  cells  from  SWR  mice 
responded  very  strongly  to  AChR  and,  in  decreasing  order  of  activity,  to  the 
following  peptides:  67-82,  1-16,  146-162,  12-27  and  34-49  (Table  1).  The 
remaining  peptides  did  not  stimulate  significant  responses.  AChR-primed  T 
cells  from  C57BL/6  mice  gave  a  moderate  in  vitro  response  to  AChR  and,  in 
decreasing  order  of  activity,  to  the  following  peptides:  182-198,  146-162 
and  111-126.  The  remaining  peptides  did  not  stimulated  significant  responses. 
Finally,  in  C3H/He  mice,  priming  with  AChR  induced  cells  which,  although  did 
not  respond  to  AChR,  they  did  mount,  in  decreasing  order  of  activity, 
responses  to  in  vitro  challenge  with  the  following  a-chain  peptides:  67-82, 
146-162,  170-186  and  very  weakly  to  12-27.  The  remaining  peptides  had 
little,  or  no,  proliferative  responses. 
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The  specificity  of  the  responses  to  the  peptides  was  confirmed  by  absence 
of  in  vitro  responses,  by  AChR-primed  cells,  to  unrelated  proteins  and  pep¬ 
tides.  Conversely,  AChR  or  its  peptides  did  not  stimulate  any  proliferative 
activity  in  cells  from  unimmunized  mice  or  from  mice  that  had  been  primed 
with  unrelated  proteins  (data  not  shown).  The  viability  of  the  cells  in  all 
the  present  studies  was  indicated  from  their  responses  to  Con  A,  PPD  and  LPS. 


Peptide  Challenge  Dose  ( jug/ml ) 

Fig.  4  Examples  of  dose  response  curves  to  the  synthetic  peptides  of  AChR- 
primed  lymph  node  cells  from  C57BL/6,  C3H/He,  SJL  and  SWR  mice,  (a) 
peptide  67-82,  (a)  peptide  111-126,  (o)  peptide  146-162  and  (o)  pep¬ 
tide  182-198.  Cultures  containing  unstimulated  lymph  node  cells  had 
the  following  background  radioactivities;  C57BL/6,  2,538  c.p.m.; 
C3H/He,  3,841  c.p.m.;  SJL,  1,172  c.p.m.;  SWR,  2,849  c.p.m. 


DISCUSSION 

The  immune  responses  to  protein  antigens  are  under  Ir  gene  control  (David 
and  Atassi,  1982;  Keck,  1975;  Lozner  et  aU ,  1974;  Melchers  et  aU ,  1973; 
Okuda  et  aK ,  1978,  1979a).  More  importantly,  the  responses  to  each  of  the 
antigenic  sites  are  under  separate  genetic  control  (Bixler  and  Atassi,  1983, 
1984a,  1985,  Bixler  et  a_l_. ,  1984a,  1984b;  David  and  Atassi,  1982;  Kurisaki  et 
al.,  1986;  Okuda  et  al_. ,  1979b;  Twining  et  al_. ,  1981).  Thus,  the  genetic 
diversity  and  response  levels  of  the  mouse  strains  were  selected  so  that 
most,  or  all,  of  the  potential  T  sites  on  the  protein  will  be  identified. 

The  mouse  strains  selected  represented  four  independent  haplotypes 
(H-2t>,  H-2k,  8-29  and  H-2S)  of  different  genetic  backgrounds.  Two 
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strains  ( H— 2Q  and  H-2S)  were  high  responders  to  AChR,  one  strain  (H-2b) 
was  a  moderate  responder,  while  the  fourth  strain  (H-2k)  was  essentially  a 
nonresponder.  The  findings  that  the  H-2k  (C3H/He)  and  the  H-2r  (RIIIS) 
haplotypes  are  low  responders  and  that  the  H-2b  (C57BL/6)  haplotype  is  an 
interned iate-to-high  responder  to  Torpedo  AChR  are  in  agreement  with  other 
reports  (Christadoss  et  al.,  1979,  1982;  Gorzynski  et  al_.,  1985)  using  these 
three  haplotypes,  but  different  mouse  strains  than  those  used  here.  On  the 
other  hand,  H-2S  (ASW  and  B10.S)  and  H-29  (B10.Q)  haplotypes  were  reported 
to  be  low  and  intermediate  responders,  respectively,  while  our  results  show 
that  H-2S  (SJL)  and  H-29  (SWR)  are  both  high  responders.  However,  since 
the  mouse  strains  were  not  the  same,  the  differences  are  most  probably  due  to 
non-H-2  gene  influences. 

The  rationale  and  design  of  the  comprehensive  overlapping  peptide 
strategy  have  been  discussed  previously  in  detail  (Kazim  and  Atassi,  1980, 
1982;  Bixler  and  Atassi,  1984a).  The  size  of  the  peptides  was  selected  to  be 
in  the  optimal  range  for  in  vitro  simulation  of  T  cells  and  to  take  into 
account  the  synthetic  load  and  the  protein  size  (210  residues)  being  screened. 
Earlier  studies  from  this  laboratory  have  shown  that,  although  synthetic  anti¬ 
genic  sites  of  myoglobin  (6-7  amino  acid  residues)  can  stimulate  in  vitro 
T-cell  proliferation  (Okuda  et  ^1_.,  1979b),  this  activity  improved  greatly  on 
extention  of  the  sites  by  an  additional  5-6  residues  (Yoshioka  et  ak»  1983; 
Young  and  Atassi,  1982,  1983).  In  fact,  these  extended  sites  were  used 
(Yoshioka  et  aU ,  1983)  to  drive  the  culture  into  a  T-cell  population  (i.e. 
T-cell  lines)  of  a  single  desired  specificity  and,  from  these  T-cell  lines, 
T-cell  clones  possessing  the  same  pre-determined  specificity  are  prepared. 

Localization  of  the  sites  takes  into  consideration  activities  of  indivi¬ 
dual  peptides  as  well  as  activities  residing  in  the  overlap  regions  of  adja¬ 
cent  peptides  (Kazim  and  Atassi,  1980,  1982).  Six  major  T  sites  were  found  to 
reside  within  the  regions  shown  in  Figure  6.  It  should  be  stressed  that  the 
strategy  applied  here  is  not  designed  to  define  the  precise  boundaries  of  the 
T  sites.  The  boundary  frame  shifts  observed  for  the  T  sites  from  strain  to 
strain  are  not  unexpected  and  have  been  reported  for  the  boundaries  of  the 
protein  sites  recognized  by  antibodies  (Atassi,  1975;  Koketsu  and  Atassi, 
1973,  1974;  Yoshioka  and  Atassi,  1986)  as  well  as  the  sites  of  T-cell  recog¬ 
nition  (Bixler  et  al . ,  1984a, b;  Bixler  and  Atassi,  1984a;  Kurisaki  et  al . , 
1986). 

The  magnitude  of  the  responses  to  the  various  sites  varied  with  the 
haplotype.  For  example,  the  T-site  within  residues  113-124  was  inactive  in 
the  H-2k  and  H-29  haplotypes  but  provoked  strong  and  moderate  responses 
in  the  H-2S  and  H-2&  haplotypes,  respectively.  Similarly,  the  T  site 
within  residues  67-82  stimulated  T  cells  of  the  H-2S,  H-2*  and  H-29 
haplotypes  but  evoked  little  or  no  response  in  the  H-2b  mice.  Other 
examples  can  be  seen  in  Table  1  and  Figures  5  and  6.  These  results  are 
consistent  with  genetic  control  operating  at  the  antigenic  site  level  (Okuda 
et  al_. ,  1979b)  (i.e.  each  site  is  under  separate  genetic  control). 

It  is  significant  to  note  that  even  though  T  cells  of  AChR -immunized 
C3H/He  (H-2k)  mice  did  not  give  an  in  vitro  response  to  AChR,  they  did  give 
significant  responses  to  at  least  three  different  peptides.  The  immune 
response  is  regulated,  in  addition  to  Ir  gene  control,  by  inter-site  cellular 
influences  (Atassi  et  al_.,  1981a;  Krco  et  al_. ,  1981a, b,c,  1984).  The  cellular 
response  to  a  T  site  in  a  protein  exerts  regulatory  effects  (help  or  suppres¬ 
sion)  upon  the  responses  to  other  T  sites  of  the  same  protein.  It  would 
appear  therefore,  that  the  cellular  responses  of  the  H-2k  haplotype  to  some 
AChR  site(s)  have  the  effect  of  turning  off  the  responses  to  other  sites.  The 
networks  of  these  site-directed  cell-cell  interactions  are  now  being  studied. 
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peptides 

Fig.  5  Schematic  presentation  of  the  in  vitro  stimulating  activity  by  the 
synthetic  AChR  peptides.  The  diagram  shows  the  net  c.p.m.  at  the 
optimum  challenge  dose  of  each  peptide:  (1)  peptide  1-16; (2)  peptide 
12-27;  (3)  peptide  23-38;  (4)  peptide  34-49;  (5)  peptide  45-60;  (6) 
peptide  56-71;  (7)  peptide  67-82;  (8)  peptide  78-93;  (9)  peptide 
89-104;  (10)  peptide  100-115;  (11)  peptide  111-126;  (12)  peptide 
122-138;  (13)  peptide  134-150;  (14)  peptide  146-162;  (15)  peptide 
158-174;  (16)  peptide  170-186;  (17)  peptide  182-198;  (18)  194-210. 


The  determination  of  the  full  profile  of  the  continuous  T-cell  recogni¬ 
tion  regions  on  the  extracellular  part  (residues  1-210)  of  the  a  chain  of 
AChR  provides  a  unique  opportunity  for  comparison  of  the  T-cell  recognition 
profile  with  the  full  profile  of  recognition  by  antibodies  (Mulac-Jericevic 
et  al_. ,  1987).  Three  (and  possibly  four)  of  the  T  sites  on  the  a  chain 
coincide  with  the  antigenic  (antibody  binding)  sites  that  are  recognized  bv 
outbred  mouse  antibodies  (Mulac-Jericevic  et  aj_*>  1987)  (Figure  6).  One  of 
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these  three  T  sites  (that  within  region  184-196)  coincides  (or  overlaps)  with 
a  toxin  binding  region  (Mulac-Jericevic  et  al_. ,  1986;  Mulac-Jericevic  and 
Atassi,  1987).  Even  though  the  B-cell  recognition  sites  (in  outbred  mice) 
within  residues  41-53,  102-114  and  128-138  are  not  significantly  recognized 
by  T  cells  of  the  four  mouse  strains  studied  here,  it  is  very  likely  that, 
they  will  be  recognized  by  T  cells  of  other  mouse  strains.  There  are,  how¬ 
ever,  at  least  two  T  sites  (and  possibly  three)  which  are  exclusively  T  cell 
specific  and  are  not  recognized  by  B  cells.  These  sites  reside  within  regions 
113-124,  148-160  and  possibly  14-25  (which  shifts  in  H-2S  and  H-2Q).  This 
is  similar  to  our  findings  with  hen  egg  lysozyme  (Atassi  1978;  Bixler  and 
Atassi,  1984b;  Bixler  et  aU,  1984a, b),  myoglobin  (Atassi,  1975;  Bixler  and 
Atassi,  1983,  1984a;  Okuda  et  al_.,  1979b;  Twining  et  al_. ,  1981),  hemoglobin 
(Yoshioka  et^  a]_.,  1986)  and  ragweed  allergen  Ra3  (Kurisaki  et  al_. ,  1986). 

Each  of  these  proteins  contains  sites  that  are  recognized  by  both  B  and  T 
cells  as  well  as  sites  that  are  ^cognized  exclusively  by  T  cells.  The 
functions  of  these  various  T  sites  in  the  immune  recognition  of  a  protein  may 
be  concerned  with  the  aforementioned  intersite  influences  which  regulate  the 
immune  responses  to  the  protein  (Atassi  et  al_. ,  1981;  Krco  et  al.,  1981a-c). 
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Fig.  6  Schematic  diagram  showing  the  full  profile  of  the  regions  on  the  AChR 
a  subunit  that  carry  the  continuous  sites  of  T-cell  recognition  (T- 
sites)  in  four  mouse  strains.  The  T-cell  recognition  sites  are  com¬ 
pared  with  the  sites  of  antibody  (B-cell)  recognition  (i.e.  antigenic 
sites)  in  outbred  mouse  which  were  localized  in  the  preceding  article 
(14).  The  T  sites  notations  are  as  follows:  (solid  bars)  regions 
stimulating  high  T-cell  responses  (a  cpm  >  20,000);  (stippled  bars) 
regions  stimulating  intermediate  responses  (a  cpm,  10,000-20,000); 
(open  bars)  region  stimulating  low  responses  (a  cpm,  5,000-10,000). 

It  is  not  implied  that  the  entire  regions  shown  comprise  the  T  sites, 
rather  that  the  sites  reside  within  these  regions.  Indeed,  the  T 
sites  are  localized  within  intentionally  larger  regions  than  their 
expected  size. 


The  regions  localized  here  reflect  the  responses  of  numerous  T-cell 
clones,  each  of  which  perceives  the  T  site  somewhat  differently  (i.e.  showing 
frame  shifts  to  the  right  or  to  the  left).  The  maximal  effective  response 
detected  here  (i.e.  the  T  site)  is  the  average  of  all  of  these  activities 
(Bixler  and  Atassi,  1983;  Atassi  et  aJL ,  1987).  This  would  be  consistent 
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with  a  heterogenous  nature  of  the  T-cell  response  at  the  clonal  level  as  has 
previously  been  found  to  occur  during  B-cell  recognition  of  other  proteins 
(Atassi,  1975,  1980,  1984).  In  view  of  this  heterogeneity,  it  is  possible 
that  T-cell  clones  with  specificity  for  a  region  that  is  shifted  with  respect 
to  a  known  T  site  (Atassi  et  aJL,  1987)  or  to  other  regions  (outside  the  six 
T  sites)  which  are  present  in  traces  would  not  be  detected  in  proliferative 
assays  of  bulk  cultures  but  could  be  isolated  by  appropriate  cloning  methods. 
Long-term  T-cell  cultures  passaged  in  vitro  with  a  protein  have  been  shown 
(Bixler  et  al_.,  1984c)  to  exhibit  drifts  with  time  leading  to  dramatic 
alterations  in  the  relative  proportions  of  T-cell  populations  having  various 
specificities.  Therefore,  T-cell  populations  that  may  initially  be  present 
in  very  low  amounts  in  lymph  node  cell  cultures  can  proliferate  and  expand  so 
rapidly  so  as  to  overtake  the  entire  culture  (Bixler  et  a_k»  1984c).  In  the 
case  of  B-cell  recognition,  monoclonal  antibodies  have  been  prepared  against 
regions  to  which  trace  or  no  detectable  antibody  responses  are  present  in 
anti-protein  antisera  (Atassi,  1984;  Schmitz  et  a_L ,  1983).  It  remains 
uncertain  whether  such  trace  amounts  of  T-  an3~B-cell  clones  whose  specifi¬ 
city  is  directed  toward  non-dominant  regions,  termed  "background  responses" 
(Atassi,  1980)  have  any  biological  significance. 

It  was  postulated  recently  (Benjamini  et  al .,  1984)  that  the  sites  recog¬ 
nized  by  T  cells  may  be  different  from,  anT’more  limited  in  number  than,  the 
sites  recognized  by  antibodies.  These  views  have  no  experimental  basis  and 
they  overlooked  the  fact  that  the  sites  of  myoglobin  that  are  recognized  by  B 
cells  had  previously  already  been  shown  to  be  recognized  by  T  cells  as  well 
(Bixler  and  Atassi,  1983;  Okuda  et  al_.,  1979b;  Yoshioka  et  a^. ,  1983;  Young 
and  Atassi,  1982,  1983).  Similarly,  the  aforementioned  postulate  (Benjamin 
et  1984)  is  not  supported  by  the  present  findings  nor  by  recent  studies 
of  other  proteins  (Bixler  and  Atassi,  1983,  1984a,  1984b;  Bixler  et  al . , 

1984a,  1984b;  Yoshioka  et  a1_. ,  1986;  Kurisaki  et  al_. ,  1986;  Atassi  and 
Kurisaki,  1984,  1986)  which  clearly  show  that  T  cells  can  indeed  recognize 
the  same  sites  as  B  cells  and  they  can  also  recognize  other  regions  to  which 
no  antibody  responses  are  detectable. 

The  hypothesis  that  immunodominant  T  sites  coincide  with  amphipathic 
helices  in  proteins  (DeLisi  and  Berzofsky,  1985)  is  not  supported  by  the  pre¬ 
sent  findings  and  the  above  referenced  studies.  Also,  these  findings  do  not 
support  the  postulates  (Spouge  et  aK,  1987)  that  lysine  residues  occur  fre¬ 
quently  at  the  ^-terminal  end  of  the  T  sites  and  that  immunodominant  helper  T 
sites  belong  to  one  particular  conformational  feature.  It  should  be  stressed 
that,  as  already  discussed  here  and  in  all  the  studies  referenced  in  the  above 
paragraph,  the  immuodomi nance  of  a  T  site  is  not  an  absolute  property  of  the 
T  site,  but  is  a  function  of  the  genetic  restriction  of  the  host  (see  Figures 
4  and  5).  Clearly,  immune  recognition  is  not  only  dependent  on  the  shape  of 
the  protein,  but  is  a  complex  biological  phenomenon  subject  to  control  and 
regulation  by  the  host  cellular  immune  system  by  mechanisms  that  are  still 
largely  unknown. 
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ABSTRACT 

Work  summarized  herein  describes  two  congenic  strains  of  mice, 
C57BL/10  and  B10.BR,  which  differ  at  the  I -A  region  of  the  MHC  where 
C57BL/10  and  B10.BR  are  I-Ab  and  I-Ak  respectively.  Using  various 

antigens  to  stimulate,  Id  vitro,  primed  T  lymphocytes,  studies  on  the 
responsiveness  of  these  two  strains  to  immunization  with  TMVP  and  with 
its  tryptic  peptide  number  8  representing  residues  93-112  of  the 
protein  are  described.  These  studies  revealed  that  in  the  C57BL/10 
strain  TMVP  and  peptide  8  exhibit  cross  reactivity  on  the  T-cell  level, 
whereas  in  the  B10.BR  strain  these  two  antigens  do  not  exhibit  such 
cross  reactivity.  Further  studies  revealed  that  the  cross  reactivity 
is  mapped  to  the  I -A  region  of  the  MHC  with  cross  reactivity  between 
TMVP  and  peptide  8  exhibited  in  mice  with  I-Ab  (referred  to  as  cross 
reactive-CR)  but  not  with  I-Ak  (referred  to  as  non  cross  reactive -NCR) . 
Cell  depletion  and  reconstitution  experiments  revealed  that  cross 
reactivity  (or  the  lack  thereof)  could  be  attributed  to  antigen 
presenting  cells  (APC) .  A  profound  difference  between  the  strains  was 
also  expressed  on  the  level  at  which  their  immune  T-cells  reacted  in 
vitro  to  stimulation  by  various  derivatives  of  peptide  8.  The  studies 
suggest  that  the  strains  differ  in  their  responsiveness  to  the  various 
orientations  in  which  the  T-cell  epltope(s)  are  presented.  Assuming 
that  TMVP,  but  not  peptide  8,  is  altered  during  processing  by  APC  and 
assuming  that  antigen  processing  by  APC  of  CR  and  NCR  is  similar,  the 
difference  which  the  strains  exhibit  in  recognizing  different 
orientations  of  the  epitope  may  account  for  the  difference  in  the  cross 
reactivity  between  TMVP  and  peptide  8  exhibited  by  these  strains. 
Further  investigations  revealed  that  the  strains  also  differ  in  their 
response  to  pre -  immunization  with  TMVP  prior  to  immunization  with 
peptide  8.  Whereas  preimmunization  of  the  C57BL/10  (CR)  mice  with  TMVP 
did  not  affect  subsequent  response  to  immunization  with  peptide  8, 
preimmunization  of  B10.BR  (NCR)  mice  with  TMVP  suppressed  the  response 
to  subsequent  immunization  with  peptide  8.  It  is  suggested  that  the 
presentation  of  the  T-cell  epitope(s)  in  the  correct  orientation  by  the 
appropriate  la  is  crucial  for  the  activation  of  T  helper  cells  but  that 
such  presentation  does  not  play  a  decisive  iule  in  the  activation  of  T 
suppressor  cells. 
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INTRODUCTION 


It  is  well  established  that  la  molecules  on  antigen  presenting 
cells  (APC)  play  an  important  role  in  the  interaction  of  antigen  with  T- 
lymphocytes  (Shevach  and  Rosenthal,  1973;  Kappler  and  Marrack,  1978; 

Geha  et  al.,  1979).  The  ability  of  the  antigen  presenting  cell  to 
process  and  present  antigen  to  the  T-cell  constitutes  one  level  on 
which  the  genetic  control  of  the  immune  response  is  expressed 
(Rosenthal  and  Shevach,  1973).  In  a  series  of  elegant  experiments, 
Rosenthal  and  Shevach  have  shown  that  the  difference  between 
"responder"  and  "non-responder"  strains  of  animals  to  a  given  antigen 
could  be  contributed  to  the  APC:  APC  from  responder  strains  could 

present  antigen  to  T-cells  of  (responder  x  non-responder)  offspring, 
while  the  APC  of  non- responders  could  not,  thus  indicating  that  antigen 
processing  and  presentation  by  the  APC  is  crucial  in  determining 
whether  or  not  T-cells  of  a  certain  individual  would  respond  to  a  given 
antigen.  The  molecular  events  which  are  governed  by  the  genetic 
control  of  the  immune  response  associated  with  antigen  processing  and 
presentation  are  still  not  clear.  It  appears  that  at  least  in  some 
cases  which  involve  high  molecular  weight  antigens  the  antigen  is 
internalized  by  the  APC  and  "processed"  by  mechanisms  which  include 
enzymatic  cleavage  (reviewed  by  Unanue,  1984).  Small  immunogenic 
peptides  apparently  do  not  require  such  processing  and  cleavage 
(Shimonkevitz  et  al.  ,  1984).  It  is  possible  that  such  small  peptide 
portions  of  a  protein  represents  entities  similar  to  cleaved  fragments 
of  the  larger  protein.  After  internalization  and  cleavage,  the 
"processed"  antigen  emerges  on  the  surface  of  the  APC  where,  in  some 
form  of  association  with  the  la  of  the  APC.it  is  presented  to  the  T 
lymphocyte  antigen  receptor,  leading  to  the  activation  of  the  T-cell 
(reviewed  by  Unanue,  1984). 

It  has  been  shown  that  "processing"  of  antigen  by  APC  of 

responders  and  non- responders  can  be  similar  (Friedman  et  al ,  1983). 
If  so,  non- responsiveness ,  expressed  on  the  level  of  APC,  must  be 
attributed  to  the  inability  of  the  APC  to  properly  present  antigen. 
Because  presentation  involves  some  form  of  association  of  antigen  with 
la  it  may  be  postulated  that  non- responsiveness  is  a  result  of  the  lack 
of  proper  interaction  between  antigen  and  la  in  a  manner  which  leads  to 
T-cell  interaction  and  activation.  Indeed,  in  support  of  this 
possibility,  direct  binding  between  antigen  and  la  of  responder  strain 
has  been  demonstrated  while  no  such  binding  could  be  demonstrated 
between  antigen  and  la  of  the  non- responder  strain  (Babbit  et  al . , 

1985). 

Several  models  have  been  proposed  for  the  interaction  between 

antigen,  la,  and  the  T-cell  antigen  receptor  leading  to  T-cell 

activation  (reviewed  by  Schwartz,  1985).  Nevertheless,  this 
interaction  is  still  poorly  understood.  In  the  work  described  herein 
we  have  utilized  the  immune  response  of  different  strains  of  mice  to  a 
well-defined  epitope  of  a  protein  antigen.  This  was  performed  in  an 
attempt  to  elucidate,  on  a  molecular  level,  some  parameters  involved  in 
the  differential  responsiveness  of  these  strains  to  the  epitope  and  to 
correlate  the  findings  with  the  role  of  APC  in  T-cell  activation.  As 
antigen  we  have  utilized  the  tobacco  mosaic  virus  protein  (TMVP)  which 
has  been  used  in  our  laboratory  for  many  years  as  a  model  protein 
antigen. 

TMVP  is  a  single  polypeptide  chain  consisting  of  158  amino  acids 
of  a  known  sequence  (Anderer  et  al.,  1960;  Tsugita  et  al.,  1960).  TMVP 
is  immunogenic  in  many  animal  species  inducing  both  T-cells  and 
antibodies  to  several  portions  of  the  protein  (Benjamini,  1977; 
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Benjamin!  et  al .  ,  1985).  One  important  antigenic  area  of  the  protein 
consists  of  its  tryptic  peptide  number  8.  This  tryptic  peptide 
represents  residues  93-112  of  the  protein  and  has  the  amino  acid 
sequence  Ile-Ile-Glu-Val-Glu-Asn-Gln-Ala-Asn-Pro-Thr-Thr-Ala-Glu-Thr- 
Leu-Asp-Ala-Thr-Arg  (Woody  and  Knight,  1959).  The  peptide  has  been 
demonstrated  to  constitute  an  area  of  the  protein  recognized  by  both  T- 
cells  and  B-cells  of  many  animal  species  (Benjamini,  1977;  Benjamin!  et 
al.,  1985;  Morrow,  Rennick  and  Benjamini,  1983).  Experiments  on  the 
immunogenic ity  of  tryptic  peptide  8  demonstrated  that  the  peptide  is 
immunogenic  in  many  strains  of  mice  leading  to  the  production  of 
antibodies  capable  of  binding  with  peptide  8  as  well  as  with  the  whole 
protein  TMVP  (reviewed  by  Benjamini  et  al.,  1985). 

Recent  work  from  our  laboratory  has  indicated  that  immunization  of 
some  strains  of  mice  with  TMVP  leads  to  the  induction  of  T-cells  which 
can  be  stimulated  in  vitro  by  TMVP  as  well  as  by  peptide  8. 
Similarly,  immunization  of  these  strains  with  peptide  8  induces  T  cells 
capable  of  being  stimulated  ijj  vitro  by  peptide  8  as  well  as  by  TMVP. 
Thus,  these  strains  exhibit  cross  reactivity,  on  the  T-cell  level, 
between  TMVP  and  peptide  8;  these  strains  are  referred  to  as  cross 
reactive  (CR)  strains.  In  contrast,  immunization  of  other  strains  with 
TMVP  induces  T-cells  which  react  in  vitro  with  TMVP,  but  not  with 
peptide  8.  Similarly,  immunization  of  these  strains  with  peptide  8 
induces  T  cells  which  are  stimulated  in  vitro  by  peptide  8  but  not  by 
TMVP.  These  strains  do  not  exhibit  cross  reactivity  on  the  T-cell 
level  between  TMVP  and  peptide  8  and  are  referred  to  as  non-cross 
reactive  (NCR)  strains.  Interestingly  while  mice  of  the  NCR  strain  do 
not  exhibit  cross  reactivity  between  TMVP  and  peptide  8  on  the  T-cell 
level  they  do  exhibit  cross  reactivity  between  these  antigens  on  the  B 
cell  level  (Benjamini  et  al . ,  1985). 

In  the  studies  described  below  we  have  focused  our  attention  on  T- 
cell  activation  and  on  differences  in  T-cell  cross  reactivity  between 
the  CR  and  NCR  strains.  The  in  vitro  proliferative  response  of  lymph 
node  cells  to  antigen,  as  described  by  Wan  et  al .  ,  1986,  served  as  a 
measure  of  antigen-specific  T-cell  activation.  That  the  proliferative 
response  is  due  to  stimulated  T-cells  has  been  previousl)  shown  in  our 
laboratory  (Wan  et  al.,  1986).  Moreover,  it  has  been  shown  that  the 
proliferating  cells  are  mainly  T  helper  cells  (Schreir  et  al.,  1979). 
The  studies  described  herein  have  been  conducted  with  the  aim  of 
elucidating  underlying  mechanisms  responsible  for  the  differences 
exhibited  by  the  strains  in  the  cross  reactivity  between  TMVP  and 
peptide  8.  These  studies  have  been  conducted  on  the  genetic,  cellular 
and  molecular  levels.  Some  parts  of  these  studies  have  been  recently 
reported  (Benjamini  et  al.,  1986;  Benjamini,  Langton  and  Wan,  1986). 

GENETIC  ASPECTS  OF  THE  DIFFERENCES  BETWEEN  CROSS  REACTIVE  (CR)  AND  NON¬ 
CROSS  REACTIVE  (NCR)  STRAINS 

Preliminary  studies  showed  that  immunization  of  some  strains  of 
mice  with  TMVP  induces  T-cells  which  respond  in  vitro  to  TMVP  as  well 
as  to  peptide  8,  and  that  immunization  with  peptide  8  induces  cells 
which  respond  in  vitro  to  peptide  8  and  to  TMVP.  Strains  which  exhibit 
such  cross  reactivity  on  the  T-cell  level  between  TMVP  and  peptide  8 
include  C3H.SW,  C3H.WB,  and  C57BL/10.  Strains  which  do  not  exhibit 
this  cross  reactivity  include  A/J ,  and  B10.BR.  In  an  attempt  to 
identify  the  genetic  locus  involved  in  this  differential  cross 
reactivity,  we  have  utilized  congenic  and  recombinant  strains  of  mice. 
In  these  experiments  the  animals  were  immunized  in  the  base  of  tail 
with  10-50  y  g  TMVP  in  Freund's  Complete  Adjuvant  (FCA) .  Fourteen  days 
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Table  1.  The  Responsiveness,  jUi  vitro,  to  TMVP  and 
to  Peptide  8  of  Congenic  and  Recombinant 
Strains  of  Mice  Immunized  with  TMVP 


Strain 

MHC 

Response*  to 

H-2 

K 

I-A 

I-J 

I-E 

S 

D 

TMVP 

Peptide  8 

C57BL/10 

b 

b 

b 

b 

b 

b 

b 

++ 

++ 

B10. BR 

k 

k 

k 

k 

k 

k 

k 

++ 

- 

B10.  S 

s 

s 

s 

s 

s 

s 

s 

++ 

++ 

B10.D2 

d 

d 

d 

d 

d 

d 

d 

++ 

++ 

B10. A 

a 

k 

k 

k 

k 

d 

d 

++ 

- 

B10.  A(2R) 

h2 

k 

k 

k 

k 

d 

b 

++ 

- 

B10 .  A(3R) 

i3 

b 

b 

b 

k 

d 

b 

++ 

++ 

B10.  A(4R) 

h4 

k 

k 

b 

b 

b 

b 

++ 

B10. A(5R) 

15 

b 

b 

k 

k 

d 

d 

-H- 

-H- 

B10. A(18R) 

il8 

b 

b 

b 

b 

b 

d 

++ 

++ 

*(-)  Stimulation  index  (S.I.)  less  than  1.5;  (+)  S.I.  1.5  -  1.9; 

(+)  S.I.  2.0  -  2.4,  (++)  S.I.  above  2.5 


later  lymph  node  cells  were  harvested  and  cultured,  in  vitro,  in  the 
presence  of  various  concentrations  of  TMVP  (0.05-5  MM)  or  of  peptide  8 
(0.3-30  U  M)  as  described  (Wan  et  al.  ,  1986).  A  strain  is  considered 
responsive  (+)  to  an  antigen  when  the  stimulation  index,  in  the 
presence  of  antigen  at  the  optimal  concentration,  is  greater  than  1.5 
(a  value  derived  statistically  from  virtually  hundreds  of  experiments) . 

Results  in  Table  1  clearly  indicate  that  the  difference  in 
responsiveness  between  the  strains  is  mapped  to  the  I -A  locus  of  the 
MHC,  where  cross  reactivity  on  the  T-cell  level,  between  TMVP  and 
peptide  8,  is  exhibited  by  strains  with  I-Ab  while  no  such  cross 
reactivity  is  exhibited  by  strains  with  I-A^.  These  results,  linking 
non-cross  reactivity  with  I-A^  help  explain  the  previously  mentioned 
non-cross  reactivity  exhibited  by  A/J  mice  which  are  of  H-2a  haplotype 
but  with  I-A^,  and  the  cross  reactivity  exhibited  by  C3H.SW  which  are 
I-Ab. 


It  is  important  to  reiterate  at  this  point  that  the  above 
difference  which  is  mapped  to  the  I-A  of  the  MHC  is  with  respect  to  the 
cross  reactivity  on  the  T-cell  level  between  TMVP  and  peptide  8.  It 
does  not  involve  the  lack  of  T  cells  capable  of  recognizing  and 
reacting  to  peptide  8.  In  fact,  as  has  been  mentioned  earlier, 
immunization  of  these  NCR  strains  with  peptide  8  induces  T-cells  which 
respond,  in  vitro ■  to  stimulation  by  peptide  8  but  not  by  TMVP. 

CELLULAR  ASPECTS  OF  THE  DIFFERENCES  BETWEEN  CROSS -REACTIVE  (CR)  AND 
NON-CROSS-  REACTIVE  (NCR)  STRAINS 

Because  the  difference  in  the  cross  reactivity  between  TMVP  and 
peptide  8  exhibited  by  the  various  strains  of  mice  was  mapped  to  the  I-A 
of  the  MHC  it  was  reasonable  to  assume  the  involvement  of  antigen 
processing  and  presentation  by  antigen  presenting  cells  (APC)  in  the 
difference.  To  ascertain  the  possible  role  of  APC  in  the  difference  we 
have  resorted  to  depletion  and  reconstitution  experiments.  In  order  to 
avoid  problems  arising  from  non-histocompatibility  we  have  utilized  F^ 
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Table  2. 


The  Responsiveness  of  C57BL/10  x  B10.BR  F-^ 
(CRxNCR)  TMVP  Immune  T- cells  to  TMVP  and  to 
Peptide  8  in  the  presence  of  Adherent 
Peritoneal  Exudate  Cells  (PEC)  of  CR  or 
NCR  Strains 


Response*  to 

Responding  Cells 

TMVP 

Peptide  8 

Lysozyme  -  immune  F^  lymph  node  (LN) 

cells 

- 

- 

TMVP  -  immune  F^  (LN)  cells 

++ 

++ 

TMVP  -  immune  purified  T-cells  only 

- 

- 

TMVP  -  immune  purified  F-^  T-cells  in 

the  presence  of  adherent  PEC 

++ 

++ 

TMVP  -  immune  purified  F^  T-cells  in 

the  presence  of  CR  adherent  PEC 

++ 

-H- 

TMVP  -  immune  purified  F^  T-cells  in 

the  presence  of  NCR  adherent  PEC 

++ 

- 

*  (-)  Stimulation  index  (S.I.)  less  than  1.5;  (+)  S.I.  1.5  - 
1.9;  (+)  S.I.  2.0  -  2.4;  (-H-)  S.I.  above  2.5 


mice  which  constitute  offsprings  of  CR  x  NCR  (C57BL/10  x  B10.BR)  mice. 
The  experiments  consisted  of  testing  the  in  vitro  stimulation  by  TMVP 
and  by  peptide  8  of  T-cells  obtained  from  TMVP- immunized  mice,  in 
the  presence  of  APC  obtained  from  CR  or  from  NCR  mice.  APC  were 
depleted  from  lymph  node  cells  of  F^  mice  by  passage  through  sephadex 
and  subsequent  pannings  on  rabbit  anti  mouse  Ig.  APC  were  isolated  by 
first  adhering  peritoneal  exudate  cells  (PEC)  on  plastic  plates  and 
recovering  the  adherent  cells  by  a  cold  shock.  For  reconstitution, 
APC-depleted  T-cells  were  mixed  with  PEC  at  a  ratio  of  1  PEC  per  30  T 
cells . 

Results  of  the  reconstitution  experiments  summarized  in  Table  2 
clearly  demonstrate  that  the  ability  of  a  strain  to  exhibit  cross 
reactivity  between  TMVP  and  peptide  8  (which,  as  described  above,  was 
mapped  to  the  I-A)  is  dominant.  This  is  concluded  from  the  finding 
(Table  2)  that  TMVP- immune  lymph  node  T-cells  from  F^  mice  respond  in 
vitro  to  both  TMVP  and  to  peptide  8 .  The  depletion  and  reconstitution 
experiments  summarized  in  Table  2  indicate  that  TMVP- immune  T-cells 
respond  in  vitro  to  both  TMVP  and  to  peptide  8  in  the  presence  of 
adherent  PEC  of  the  CR  strain  but  not  of  the  NCR  strains.  The  results 
suggest  that  a  difference  in  the  antigen  presentation  capacity  by  APC 
is  involved  in  the  difference  in  cross  reactivity  on  the  T-cell  level 
exhibited  by  the  CR  and  NCR  strains.  It  is  interesting  to  note  that 
the  involvement  of  la  of  the  APC  in  the  difference  between  the  cross 
reacting  and  non-cross  reacting  strains  is  similar  to  the  involvement 
of  la  of  APC  in  the  difference  in  the  total  responsiveness  (or  non¬ 
responsiveness)  to  an  antigen  exhibited  between  different  strains  of 
mice.  The  latter  has  been  demonstrated  by  the  classical  experiments  of 


Rosenthal,  Shevach  and  others  (Rosenthal  and  Shevach,  1973;  Shevach  and 
Rosenthal,  1973;  Thomas  and  Shevach  1977;  Yano,  Schwartz  and  Paul, 
1978)  where  the  non-responsiveness  has  been  attributed  to  the  inability 
of  APC  to  either  process  or  present  antigen  and  has  been  mapped  to  the 
I -A  region  of  the  MHC  of  the  APC  (Paul  et  al.,  1977). 

The  participation  of  APC  in  the  activation  of  antigen-specific  T- 
cells  could  be  expressed  on  the  level  of  antigen  processing,  on  the 
level  of  antigen  presentation,  or  both.  Since  experiments  have 
indicated  that  APC  from  responder  and  non-responder  animals  "process" 
antigen  in  a  very  similar  manner  (Friedman  et  al.,  1983)  it  is  logical 
to  assume  that  the  difference  between  responder  and  non- responder 
strains  associated  with  APC  is  due  to  differences  in  presentation 
rather  than  processing.  Only  recently  have  some  advances  been  made 
towards  the  understanding  of  the  association  between  antigen  and  la. 
It  has  been  shown  that  antigen  binds  to  la  of  a  responder  strain  but 
not  of  a  non-responder  strain  (Babbit  et  al.,  1985).  With  respect  to 
an  antigen  capable  of  activating  specific  T-cells  it  has  been  proposed 
that  a  portion  of  the  antigen  to  which  the  term  agretope  has  been 
coined,  binds  with  the  la  of  APC  (Heber-Katz,  Hansburg  and  Schwartz, 
1983,  reviewed  by  Schwartz,  1985).  Thus,  the  antigen- la  complex 
interacts  with  the  T-cell  receptor  which  recognizes  some  portion  of  the 
la  molecule  and  the  T-cell  recognizable  epitope.  It  is  conceivable 
that  there  are  instances  where  the  antigen  indeed  binds  to  la,  as  has 
been  demonstrated,  but  where  the  la-antigen  complex  does  not  present 
the  T-cell  recognizable  epitope  to  the  T-cell  receptor  in  the  proper 
manner.  Put  differently,  the  la-agretope  interaction  is  such  that  it 
"selects"  the  determinant  to  be  presented  to  the  T-cell  (reviewed  by 
Paul,  1984).  This  selection  would  result  in  the  activation  of  T-cells 
with  the  appropriate  specificity.  However,  should  there  be  a  "hole"  in 
the  T-cell  repertoire  where  a  T-cell  with  such  specificity  is  absent 
from  the  total  T-cell  population  of  the  individual,  that  individual 
would  obviously  not  mount  a  response  to  this  epitope  (reviewed  by  Paul, 
1984) .  We  have  utilized  the  system  described  in  the  present  studies 
(i.e.  cross  reactivity  versus  non-cross  reactivity)  to  investigate  some 
aspects  of  the  structural  features  of  the  antigen  as  they  may  pertain 
to  interaction  with  la  and  the  T~  cell,  and  to  correlate  these 
structural  features  with  the  differences  in  cross  reactivity  between 
TMVP  and  peptide  8  exhibited  by  the  CR  and  NCR  strains. 

STRUCTURAL  ASPECTS  OF  THE  ANTIGEN  ASSOCIATED  WITH  DIFFERENCES  BETWEEN 
CROSS  REACTING  AND  NON -CROSS  REACTING  STRAINS 

Having  ascertained  some  of  the  genetic  and  cellular  aspects 
associated  with  the  ability  (or  inability)  of  the  different  strains  of 
mice  to  exhibit  cross  reactivity,  on  the  T-cell  level,  between  TMVP  and 
peptide  8  we  proceeded  to  ascertain  whether  we  could  detect  differences 
between  the  strains  in  their  reactivity  with  various  portions  and 
derivatives  of  peptide  8.  This  was  peformed  with  the  hope  of  defining 
structural  aspects  of  the  antigen  which  may  participate  in  antigen 
presentation  and  T-cell  activation.  To  this  end,  CR  (C57BL/10)  and  NCR 
(B10.BR)  mice  were  immunized  with  either  TMVP  or  with  peptide  8  and  the 
reactivity  of  their  immune  T-cells  with  various  synthetic  portions  and 
derivatives  of  peptide ' 8  was  tested. 

Results  presented  in  Table  3  indicate  differences  in  the 
responsiveness  of  immune  T-cells  to  the  test  antigens.  TMVP- immune  and 
peptide  8-immune  T-  cells  of  the  CR  strain  respond  in  vitro  to 
stimulation  by  the  C-terminal  hexadecapeptide  portion  of  peptide  8.  In 
contrast,  peptide  8-immune  T-cells  of  the  NCR  strain  do  not  respond  to 
this  peptide.  (Since  TMVP- immune  T-cells  of  the  NCR  strain  do  not 
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respond  in  vitro  to  peptide  8  it  is  not  surprising  that  these  cells  did 
not  respond  to  the  test  peptide  nor  to  any  of  the  test  peptides  shown 
in  Table  3) . 


Another  difference  between  the  two  strains  is  expressed  by  the 
finding  that  peptide  8 -immune  T- cells  of  the  CR  strain  respond  to  the 
N-pentadecapeptide  portion  of  peptide  8.  Peptide  8-immune  T-cells  of 
the  NCR  strain  exhibit  only  a  marginal  response  to  this  peptide. 

The  findings  that  the  C-hexadecapeptide  portion  of  peptide  8  is 
stimulatory  to  peptide  8-immune  cells  of  the  CR  strain  and  that  peptide 
8  immune  cells  of  both  strains  exhibit  a  response  (albeit  weak)  to  the 
N-pentadecapeptide  portion  of  peptide  8  suggest  that  peptide  8-immune  T- 
cells  of  both  strains  recognize  a  portion  of  peptide  8  which  consists 
of  the  overlapping  portion  of  the  C-hexadecapeptide  and  the  N- 
pentadecapeptide  portions  of  peptide  8.  Since  peptide  8-immune  T-cells 
of  both  strains  respond  in  vitro  to  peptide  8  but  not  to  many  of  the 
tested  peptides,  the  possibility  that  some  of  the  latter  peptides  do 
not  contain  a  T-cell  recognizable  epitope,  an  agretope,  or  both  was 
investigated.  To  this  end  we  tested  the  stimulatory  capacity  of 
conjugates  consisting  of  proteins  and  the  C-decapeptide  or  the  N- 
undecapeptide  portions  of  peptide  8.  These  peptides  were  conjugated  to 
BSA,  to  transferrin  or  to  the  succinylated  forms  of  the  proteins  as 
described  recently  (Wan  et  al.,  1985). 

The  Data  in  Table  A  indicate  that  while  none  of  the  C-terminal 
decapeptide  conjugates  were  stimulatory,  the  N-undecapeptide  conjugated 
to  BSA  or  to  transferrin  stimulated,  £n  vitro .  T-cells  derived  from 
TMVP-  or  from  peptide  8 -immunized  C57BL/10  (CR)  but  not  B10.BR  (NCR) 
mice.  These  findings  again  demonstrate  differences  between  the 
strains.  Interestingly  the  results  presented  in  Table  A  show  that 
immunization  of  both  strains  with  peptide  8  (but  not  with  TMVP)  induced 
T-cells  capable  of  being  stimulated  in  vitro  by  the  N-undecapeptide 
conjugated  to  succinylated  BSA  or  to  succinylated  transferrin  (with 
conjugation  taking  place  exclusively  through  the  N- terminal  portion  of 
the  peptide) .  The  results  further  indicate  that  immunization  with 
peptide  8  induces,  in  both  strains,  T-cells  which  recognize  the  N- 
undecapeptide  as  a  T-cell  epitope.  The  inability  of  this  free  peptide 
to  stimulate  these  cells  but  its  capacity  to  do  so  when  conjugated  to  a 
carrier  may  be  due  to  the  stabilization  of  a  certain  conformation  of 
the  peptide,  even  if  the  free  peptide  itself  contains  an  appropriate 
agretope.  On  the  other  hand,  the  finding  that  the  free  peptide  is  not 
stimulatory  but  when  conjugated  to  a  protein  carrier  is  stimulatory 
suggests  that  the  latter  provides  appropriate  features  necessary  for  an 
effective  agretope  for  this  peptide,  as  has  been  suggested  by  Wan  et 
al.,  (1986).  An  agretope  is  also  provided  by  the  C-terminal  portion  of 
peptide  8  since  the  entire  peptide  or  even  only  its  N-pentadecapeptide 
portion  is  stimulatory  to  peptide  8-immune  T-cells.  The  ability  of  the 
protein  carriers  to  provide  for  an  agretope  for  the  N-undecapeptide 
indicates  that,  at  least  in  some  instances,  the  agretope -la  interaction 
may  not  be  highly  specific.  This  is  not  surprising  in  view  of  the 
limited  polymorphism  of  the  la  molecule. 

Results  in  Tables  3  and  A  suggest  that  immunization  of  mice  of  the 
CR  as  well  as  of  the  NCR  strains  with  peptide  8  induces  T-cell 
population(s)  with  specificity  towards  an  area  which  overlaps  the  N- 
terminal  undecapeptide  and  the  C-terminal  hexadecapeptide  portions  of 
peptide  8.  The  N-undecapeptide  portion  of  peptide  8  by  itself,  is 
unable  to  stimulate  these  T-cells  unless  additional  areas  are  added  to 
it.  These  areas  may  consist  of  portions  of  peptide  8,  such  as  amino 
acid  residues  C-terminally  to  the  peptide,  or  of  areas  provided  by 
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protein  carriers  such  as  BSA  and  transferrin.  Because  of  the  exquisite 
specificity  towards  an  epitope  expected  from  T  lymphocytes  and  because 
the  N-undecapeptide  which  by  itself  is  non  stimulatory  becomes 
stimulatory  upon  the  addition  of  various  areas  which  exhibit  only 
limited  specif icty,  we  postulate  that  such  areas  serve  as  or  provide 
for  an  agretope.  These  agretopes  are  necessary  for  interaction  with  Xa 
and  presentation  of  the  N-undecapeptide  to  T- cells  leading  to  their 
activation. 

Data  presented  in  Tables  3  and  4  indicate  that  peptide  8- immune  T- 
cells  of  the  CR  strain  are  stimulated  by  the  N-undecapeptide  conjugated 
to  BSA,  transferrin  or  to  their  succinylated  forms  whereas  peptide  8- 
immune  T- cells  of  the  NCR  strain  are  stimulated  by  the  N-undecapeptide 
only  when  conjugated  to  the  succinylated  forms  of  the  proteins.  It 
thus  appears  that  the  orientation  in  which  the  T-cell  recognizable 
epitope  (N-undecapeptide  or  a  portion  thereof)  is  presented  can  play  a 
crucial  role  in  the  activation  of- the  T-cell.  Working  with  the  protein 
antigen  lysozyme ,  a  recent  report  suggests  that  the  orientation  in 
which  an  epitope  of  lysozyme  is  presented  to  the  T-  cell  is  important 
for  T-cell  activation  (Shastri  et  al . ,  1986). 

Regarding  the  differences  between  the  strains  in  their  capacity  to 
exhibit  cross  reactivity  on  the  T-cell  level  between  TMVP  and  peptide 
8,  the  data  in  Tables  3  and  4  indicate  that  during  immunization  of 
either  strain  with  peptide  8,  T- cells  are  induced  which  recognize  the 
N-undecapeptide  when  presented  through  its  N- terminal  orientation  (as 
is  the  case  when  it  is  conjugated  to  the  succinylated  carriers). 
Immunization  of  the  CR  strain  with  peptide  8  also  induces  T-cells  which 
recognize  the  N-undecapeptide  in  a  different  orientation  (such  as  when 
conjugated  to  the  non- succinylated  carriers).  However,  T-cells  of  this 
latter  specificity  are  not  induced  in  the  NCR  strain  since  T-cells  of 
the  NCR  strain  recognize  the  peptide  only  when  presented  through  the  N- 
terminal  orientation. 

Although  definitive  proof  is  lacking,  it  is  possible  that  because 
the  protein  TMVP  constitutes  an  immunogen  of  high  molecular  weight  it 
is  "processed"  by  APC  with  an  alteration  taking  place  at  an  area 
consisting  of  several  N- terminal  residues  of  peptide  8.  Thus, 
immunization  with  TMVP  would  induce  T-cells  which  recognize  the  T-cell 
epitope  within  the  N-undecapeptide  only  when  this  putative  epitope  is 
presented  through  its  carboxyl  groups  but  not  through  the  N- terminal 
orientation.  These  cells  would  be  stimulated  by  the  N-undecapeptide 
conjugated  to  the  non-succinylated  forms  of  the  protein;  they  would  not 
be  stimulated  by  the  N-undecapeptide  conjugated  through  its  N-terminal 
to  the  succinylated  forms  of  the  carriers.  The  same  type  of  alteration 
in  the  N-terminal  portion  of  the  immunogen  TMVP  is  expected  to  occur 
following  immunization  of  the  NCR  strain  with  TMVP.  However,  this 
strain  recognizes  the  epitope  within  the  N-undecapeptide  only  when 
presented  conjugated  through  its  N-terminal  orientation.  Thus,  like  in 
the  CR  strain,  immunization  with  TMVP  will  fail  to  induce  T-cells  which 
recognize  the  epitope  presented  through  its  N-terminal  orientation. 
Since  the  NCR  strain  does  not  recognize  the  epitope  unless  it  is 
presented  through  its  N-terminal  orientation,  immunization  with  TMVP 
would  fail  to  induce  T-cells  which  react  with  this  epitope  presented 
via  its  carboxyl  groups  even  if  the  test  peptide  is  the  entire  peptide 
8.  Hence,  TMVP  and  peptide  8  exhibit  cross  reactivity,  on  the  T-cell 
level,  in  the  CR  strains  but  not  in  the  NCR  strain.  Work  is  in 
progress  to  ascertain  possible  alterations  in  the  N-terminal  area  of 
peptide  8  during  immunization  with  TMVP. 
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Table  5.  The  Effect  of  Preimmunization  with  TMVP  or 

Lysozyme  Upon  the  Induction  of  Peptide  8-Reactive 
Lymph  Node  Cells  by  Immunization  with  Peptide  8 


In  Vivo 

Treatment 

Ag  used 
for 

In  Vitro  Stimulation 

Suppression 

(CR)* 

C57BL/10 

(NCR)** 
BIO. BR 

TMVP - ^Peptide  8 

(I.P.)  (B.O.T.) 

Peptide  8 

9.5  +5.7 

72  +  4.2 

Lysozyme — ►Peptide  8 

(I.P.)  (B.O.T.) 

Peptide  8 

0 

0 

*Average  +  S.E.M.  of  four  experiments 
**Average  +  S.E.M.  of  three  experiments 


DIFFERENCES  BETWEEN  THE  CROSS  REACTING  AND  NON-CROSS-REACTING  STRAIN  IN 
SUPPRESSION  OF  IMMUNOGENICITY. 

So  far  we  have  dealt  with  the  phenomenon  of  a  differential  cross 
reactivity  on  the  T-cell  level  between  TMVP  and  peptide  8.  This 
differential  cross  reactivity  has  been  attributed  to  the  la  of  APC. 
The  CR  and  NCR  strains  also  differ  in  their  T-  cell  recognition  and 
reactivity  with  various  derivatives  of  peptide  8.  As  suggested  above 
these  differences  reflect  differences  in  the  recognition  of  different 
orientations  or  the  context  in  which  a  T- cell  epitope  is  presented. 
Since  immunization  of  the  NCR  strain  with  TMVP  does  not  induce  T- cells 
capable  of  being  stimulated  in  vitro  by  peptide  8  it  was  of  interest 
to  assess  what  effect,  if  any,  immunization  with  TMVP  would  have  upon 
subsequent  immunization  with  peptide  8 .  To  this  end  CR  and  NCR  mice 
were  first  immunized  intraperitoneally  with  50  P  g  TMVP  in  FCA.  This 
was  followed  1  week  later  by  immunization  in  the  base  of  tail  with  50 
Pg  of  peptide  8  in  FCA.  Immunization  with  the  unrelated  protein 
lysozyme  in  FCA  prior  to  immunization  with  peptide  8  served  as  control . 
Two  weeks  thereafter  the  mice  were  sacrificed  and  the  stimulatory 
capacity  of  peptide  8  on  the  lymph  node  cells  was  assessed. 

Results  in  Table  5  clearly  demonstrate  that  immunization  of  the  CR 
strain  with  TMVP  prior  to  immunization  with  peptide  8  had  no  effect  on 
the  induction  of  peptide  8-responsive  cells.  In  contrast,  immunization 
of  the  NCR  strain  with  TMVP  prior  to  immunization  with  peptide  8 
greatly  suppressed  the  induction  of  peptide  8-reactive  cells. 

The  finding  of  the  differential  suppressive  effect  of  TMVP  on 
subsequent  induction  of  peptide  8-reactive  cells  adds  another 
functional  difference  to  the  differences  between  the  CR  and  NCR  strains 
described  so  far. 
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Although  the  mechanism(s)  for  the  suppression  are  still  unknown  it 
may  be  postulated  that  suppressor  T- cells  would  be  involved.  If  so, 
the  following  explanation  is  suggested  to  account  for  the  differences 
in  suppression  observed  between  the  CR  and  NCR  strain:  It  is  well 
accepted  that  in  general,  immunization  with  a  given  antigen  triggers 
the  induction  of  different  functional  T -  cells  specific  for  given 
epitopes.  These  include  T-helper  cells  as  well  as  T  suppressor  cells. 
In  a  normal  immune  response  to  an  antigen,  the  T  helper  cell  population 
with  specificity  to  a  given  epitope  undergoes  a  more  vigorous 
amplification  than  does  the  T  suppressor  cell  population  to  that 
epitope.  This  competition  in  favor  of  the  T  helper  cells  leads  to  a 
discernable  immune  response  to  the  epitope  and  can  be  detected  by 
specific  in  vitro  proliferation  to  antigen.  As  has  been  mentioned 

earlier,  the  proliferating  cells,  in  vitro,  are  primarily  T  helper 
cells  (Schrier  et  al.,  1979).  If,  however,  for  some  reason  the  T 
suppressor  cells  undergo  expansion  while  T  helper  cells  to  the  same 
epitope  do  not  the  immune  response  will  be  suppressed  to  that  epitope. 

In  the  case  of  the  CR  strain,  pre- immunization  with  TMVP 
apparently  induces  more  peptide  8-reactive  T  helper  cells  than  T 
suppressor  cells.  Thus,  subsequent  immunization  with  peptide  8  would 
result  in  the  continuation  of  the  induction  of  peptide  8 -specific  T 
helper  cells  which  respond  in  vitro  to  peptide  8.  On  the  other  hand, 
immunization  of  the  NCR  strains  with  TMVP  induces  T  helper  cells  with 
specificity  to  various  areas  of  TMVP  but  not  with  specificity  to 
peptide  8.  This  failure  of  TMVP  to  induce  in  the  NCR  strain  peptide  8- 
specific  T  helper  cells  is  I -A  related  and  may  be  due  to  the  improper 
presentation  of  this  epitope  to  the  T-  cells.  However,  it  is 

conceivable  that  TMVP  and  peptide  8  do  cross  react  on  the  level  of  the 
T  suppressor  cell  for  which  the  activation  requirements  are  distinct 
from  the  activation  requirements  for  T  helper  cells  and  have  been 
implicated  as  not  being  significantly  dependent  on  I-A  (reviewed  by 
Dorf  and  Benacerraf,  1985).  Thus,  pre- immunization  of  the  NCR  strain 
with  TMVP  could  induce  peptide  8-specific  T  suppressor  cells.  These 
cells  would  suppress  the  subsequent  induction  of  peptide  8-specific  T- 
helper  cells  upon  immunization  with  peptide  8.  The  presence  of  peptide 
8-specific  T  suppressor  cells  in  animals  of  the  NCR  strain  pre¬ 
immunized  with  TMVP  awaits  experimental  demonstration. 
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SUMMARY 

The  region  of  the  horse  cytochrome  c  molecule  recognized  by  Mab 
SJL2-4  specific  for  the  denatured  form  of  the  protein  was  located  around 
residues  22-28.  Binding  studies  on  antigen  pulsed  macrophages  were  also 
performed. Surpri singly,  heme  peptide  1-65  was  not  recognised  by  Mab  when 
bound  on  macrophages.  This  correlates  with  the  incapacity  of  the  same 
peptide  to  activate  the  T-cell  clone  2-16.  Binding  sites  on  antigen 
pulsed  macrophages  varied  between  0.5-2x106  per  cell  depending  on  the 
conditions  used.  The  expression  of  the  antigenic  determinant  as  detected 
by  Mab  was  also  followed  under  different  conditions  ( chloroquine,  tryp¬ 
sin  treatment)  and  time.  Kinetics  parameters  of  the  anti  gen- anti body 
reaction  in  solution  and  on  antigen  bound  macrophages  were  also  deter¬ 
mined  and  are  dramatically  different.  This  is  correlated  with  a  diffe¬ 
rent  structure  of  the  peptide  in  solution  and  on  macrophage  cell  sur¬ 
face. 

INTRODUCTION 

The  structural  feature  of  an  antigenic  peptide(s)  present  on  the 
cell  surface  of  an  antigen  presenting  has  not  yet  been  characterized. 
Furthermore,  the  number  of  antigenic  molecules  present  per  cell  has  not 
been  determined  as  well  as  the  influence  of  various  chemical  modifica¬ 
tion  of  the  antigen  presenting  cells  (fixation,  treatment  with  lysomo- 
tropic  reagents)  on  the  display  on  the  cell  surface  of  the  antigenic 
moiety.  In  addition,  no  data  are  available  at  this  moment  whether  the 
conformation  of  antigenic  peptide  in  solution  and  that  eventual  recog¬ 
nized  by  T-cell  differ  from  one  another  as  suggested  by  several  authors 
(Pincus  et  al.,  1983;  De  Li s i  and  Berzofsky,  1985).  Recently,  data  have 
appeared  on  the  interaction  of  peptide  antigen  with  purified  class  II 
molecules  which  can  eventually  represent  a  first  step  in  the  interaction 
with  the  antigen  T-cell  receptor  (Babbitt  et  al.,  1985;  Babbitt  et  al., 
1986;  Buus  et  al.,  1986).  On  the  other  hand,  interaction  of  an  antigenic 
peptide  with  the  cell  surface  may  be  a  general  phenomenon  which  precedes 
the  interaction  with  class  II  molecule  and  thus  independent  of  the  H-2 
haplotype  as  seen  for  ovalbumin  peptide  323-337  (Shimonkevitz  et  al., 
1984). 
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In  the  last  few  years,  we  have  been  able  to  show  that  a  monoclonal 
antibody  specific  for  denatured  cytochrome  £  (apo  cytochrome  c)  is 
capable  of  inhibiting  proliferation  of  apo  cytochrome  c  specific  T-cell 
clones  and  that  the  cytochrome  c  segment  recognized  Ey  the  Mab  and  T 
cell  clones  was  similar  (CorradTn  and  Engers,  1984;  Corradin  et  al., 
1984).  In  this  paper,  we  compare  kinetics  and  equilibrium  parameters  of 
the  antigen  antibody  reaction  in  solution  and  on  macrophage  bound  anti¬ 
gen.  In  addition,  we  followed  the  appearence  and  disappearence  of  the 
antigenic  determinant  on  tne  cell  surface  of  the  APC  under  different  ex¬ 
perimental  conditions.  We  used  mainly  as  antigen  apo  horse  peptide  1-65 
which  is  in  denatured  form  in  solution  and  which  can  be  presenteo  to 
different  clones  recognizing  epitope  11-25  by  fixed  macrophages. 

MATERIALS  AND  METHODS 

Animal  s 


BALB/c,  C57BL/6  and  SJL  mice  were  raised  at  the  Swiss  Institute  for 
Experimental  Cancer  Research,  Epalinges,  with  breeding  pairs  which  ori¬ 
ginated  from  Jackson  Labs,  Bar  Harbor,  ME  (Balb/c)  or  Bcmholtgard,  Ry, 
Denmark  (SJL). 

Antigens 

All  cytochrome  £  species  used  were  purchased  from  Sigma  Chemical 
Co.,  St.  Louis,  MO  and  further  purified  either  by  ion  exchange  or  gel 
filtration  chromatography.  Apo-cyt  £  or  peptides  were  obtained  according 
to  Fisher  et  al .  (1973).  The  synthetic  peptides  11-25  to  which  a  tyro¬ 
sine  residue  was  attached  at  the  N-terminus  and  13-25  was  obtained 
according  to  the  Merrifield  method  modified  by  Atherton  et  al .  (1979). 
They  were  purified  by  gel  filtration,  ion  exchange  ana  high  performance 
liquid  chromatography  (HPLC).  Horse  heme  peptides  1-38  was  obtained 
according  to  Fanger  and  Harbury  (1965),  respectively.  Horse,  beef  and 
tuna  heme  peptides  1-65,  yeast  and  Candida  Krusei  heme  peptides  1-69 
and  1-70  were  obtained  ~5y  cyanogen  bromide  cleavage  according  to 
Corradin  and  Harbury  (1970). 

Heme  peptide  5-21  was  obtained  by  treating  18  mg  of  horse  heme  pep¬ 
tide  1-38  with  1.5  mg  of  staphylococcus  Aureus  V8  protease  (Miles  Labo¬ 
ratories,  Elkart,  IN)  in  2.6  ml  of  0.1  M  sodium  citrate  buffer  at  pH  4.0 
for  41  h  at  39°.  Purification  of  the  material  was  performed  by  gel  fil¬ 
tration  on  a  Sephadex  G-50  superfine  (1  x  220  cm  column)  followed  by 
reverse  phase  HPLC  on  a  microbondapak  C -18  (Waters,  Milford,  MA)  using  a 
linear  gradient  of  0.05  %  trif 1 uoroacetic  acid  and  0.025  %  triethylamine 
and  acetonitrile  (0  to  60  %  acetonitrile  in  80  min).  The  amino  acid  com¬ 
position  of  heme  fragment  obtained  5-21  corresponded  to  the  expected 
val  ues . 

The  concentration  of  the  various  peptide  preparations  was  deter¬ 
mined  by  weight  from  lyophilized  samples.  The  concentration  of  cyto¬ 
chrome  c  was  determined  spectrophotometrical ly  (Margoliash  et  al., 
1967). 

Determination  of  the  association  constant  and  binding  specificity 

Association  constant  (Ka)  of  the  three  Mab  was  determined  in  sodium 
phosphate  buffer  saline  (PBS)  at  pH  7.2  supplemented  witn  10%  normal 
rabbit  serum  by  using  a  constant  amount  of  125i_ labeled  horse  apo- 
peptide  1-65  and  horse  cyt  £  and  increasing  amount  of  affinity  pur  if ’"“d 
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Mab.  The  anti  gen- anti  body  complex  was  precipitated  by  addition  of  poly- 
ethyl  engiycoi  (PEG  6000)  at  13%  final  concentration.  The  concentration 
of  bound  Mab  is  equal  to  the  concentration  of  radiolabeled  antigen  pre¬ 
cipitated  minus  the  background  value  (no  Mab  added),  thus,  the  concen¬ 
tration  of  free  Mab  can  be  easily  determined  from  the  equation  Mab  free 
=  Mab  o"  Mab  pound1 

The  association  rate  constants  (kj)  were  calculated  using  the  se¬ 
cond  order  kinetic  equation  kj  =  initial  rate/  ab  0  antigen  bound  0, 
where  Ab  0  and  antigen  bound  0  are  the  initial  antibody  and  antigen 
bound  concentrations,  respectively.  Antigen  bound  was  determined  from 
the  Scatchard  plot. 

Dissociation  rates  were  determined  by  binding  radiolabeled  Mab 
antibody  to  antigen  bound  macrophages.  At  time  zero,  100  ul  of  a  medium 
containing  1000-10000  excess  of  antigen  was  added  to  each  well.  The 
anti  bod y-bouna  vs  free  was  then  determined  at  different  time.  The  data 
were  expressed  as  a  percentage  of  maximum  antibody  bound  vs  time  and  the 
dissociation  rate  constants  (K_j)  were  determined  from  the  slope  of  the 
natural  log  plots  of  the  data. 

The  dissociation  rate  constant  in  solution  could  not  be  determined 
because  it  is  to  fast.  The  dissociation  rate  constant  was  determined  by 
preforming  antigen-antibody  complex  in  which  the  antigen  was  radio- 
labeled.  At  time  zero,  the  immunocomplexes  were  dissolved  in  200  ul  of 
PBS  containing  1000  fold  excess  of  unlabeled  antigen.  At  different  time, 
bound  vs  unbound  labeled  antigen  was  separated  by  precipitation  of  the 
immunocomplexes  with  polyethylenglycol  (13%  final  concentration).  Data 
were  then  analysed  as  described  above. 

Innibition  assays  were  performed  in  PBS  by  adding  increasing  amount 
of  unlabeled  antigens  to  the  radiolabeled  preparation  prior  to  addition 
of  Mab.  The  reaction  mixture  was  incubated  for  2  hr  at  room  temperature 
prior  to  addition  of  PEG  6000  at  13%  final  concentration.  All  the  dilu¬ 
tions  were  done  in  10%  normal  rabbit  serum. 

Cross-reactivity  among  different  cyt  c  preparations  was  also  deter¬ 
mined  by  solid  phase  binding  using  a  1^5 1 -rabbit  anti-mouse  F(ab)'2 
fragment  antibody  or  by  ELISA.  .  Hundred  ul  of  100  ug/ml  of  various 
preparations  in  PBS  were  used  for  coating  the  polyvinyl  plates  for  1  hr. 
After  three  repetitive  washings,  0.2%  bovine  serum  albumin  (BSA)  or 
gelatin  was  used  to  saturate  the  plates  for  1  hr.  Plates  were  again 
washed  (3x)  and  monoclonal  antibodies  were  added  for  one  additional 
hour.  After  washing  (3  times)  125 j -rabb i t  anti-mouse  F(ab)'2  fragment 
antibodies  (50.000  to  100.000  cpm)  was  added  for  1  hr.  Wells  were  then 
washed  (3x),  cut  and  counted.  For  ELISA,  sheep  anti-mouse  immunoglobu- 
lines  coupled  to  phosphatase  (Sigma  Chemical  Co)  was  added  at  1:1000  di¬ 
lution.  Washing  was  done  1  hr  later  (3  times)  and  p-nitrophenolpnosphate 
was  added  and  optical  density  was  usually  determined  after  1  hr.  All  the 
washings  and  dilution  of  Mab  and  antisera  were  done  in  0.2%  gelatin  or 
BSA. 

Monoclonal  antibodies 


SJL  2-4  Mab  was  obtained  oy  fusing  inguinal  and  periaortic  lymph 
nodes  from  SJL  mice. 

Mice  were  first  immunized  with  apo-cyt  £  in  complete  Freund's  adju¬ 
vant  (50  ug/50  ul)  at  the  base  of  the  tail  (Corradin  et  al .  1977)  and 
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boosted  3  weeks  later  ana  3  days  before  fusion  witn  50  ug  of  the  homolo¬ 
gous  antigen  in  50  ul  of  incomplete  Freund's  adjuvant.  Cell  fusion  was 
performed  according  to  Koehler  and  Milstein  (1975)  using  the  myeloma 
cell  line  P3/653.  To  screen  the  resulting  hybridoma  cultures,  a  solid 
phase  radioimmunoassay  was  used  as  described  previously.  Horse  apo  cyt  c 
at  100  ug/ml  in  P8S  (100  ul  per  well)  were  used  to  coat  the  polyvinyl 
plates.  The  Mab  was  purified  from  liquid  supernatants  or  ascites  fluids 
by  affinity  chromatography  using  a  Sepharose  4B  column  to  which  the  cyt 
£  heme  peptide  1-65  was  coupled  by  the  CNBr  method  (Parikh  et  al ,  1974). 

Mab  concentration  was  determined  spectrophotometrically  (1  mg  =  1.4 
0.0. at  280  nm)  and  its  purity  was  determined  by  SOS-PAGE  in  5%  acryla¬ 
mide. 

Pulse  of  macrophages  with  peptides  and  binding  analysis  with  Mab 

iwo  x  106  macrophages  (MfS)  in  2  ml  DMEM  were  incubated  with  va¬ 
riable  concentrations  of  different  peptide  preparations  at  different 
temperatures  for  0  to  1  hr .  Mi6  were  then  washed  twice  in  Hank's  medium, 
resuspended  in  DMEM  supplemented  with  10%  fetal  calf  serum  (FCS)  and 
plated  in  a  96  wells  flat  bottom  plate  at  5  x  104  cells  per  well.  Bin¬ 
ding  experiments  were  performed  after  0  to  6  h.  Supernatant  was  removed 
and  iodinated  antibodies  in  DMEM  +  10%  FCS  were  added  for  45  min.  Super¬ 
natant  was  then  harvested,  cells  were  washed  twice  with  Hank's  medium 
and  lysed  with  200  ul  of  2%  sodium  dodecyl sul f ate  (SDS)  in  PBS.  Superna¬ 
tants  and  lysates  were  then  counted. 

Association  constant  (Ka)  determination  on  pulsed  W>  was  performed 
by  using  increasing  amounts  of  125i_Mab  SJL  2-4  and  the  data  were  ana¬ 
lysed  by  the  Scatchard  method.  Similarly  competition  experiments  were 
performed.  A  constant  amount  of  125 j -label ed  Mab  and  increasing  amounts 
of  unlabeled  Mab  were  mixed  together  prior  to  addition  to  pulsed  M 

Fixation  and  trypsinization  of  BMMtS 


Mi6  were  fixed  as  described  by  Shimonkevitz  et  al .  (1963).  Briefly, 
5  pi  of  a  50%  gl utaraldehyde  solution  were  added  to  5  ml  of  Hank's 
medium.  After  30  s,  an  equal  volume  of  DMEM-10%  FCS  was  added  to  block 
excess  of  free  gl  utaraldehyde .  M*5  were  then  washed  twice  prior  to  use. 

For  trypsinization,  MjS  were  resuspended  in  DMCM  and  treated  with  50 
ug/ml  of  enzyme  (bovine  pancreatic  trypsin.  Sigma  chemical  Co.,  St. 
Louis,  M0)  for  15  min  at  37°C.  Tryptic  activity  was  quenched  by  addition 
of  10%  final  concentration  of  FCS.  Mtf  were  then  washed  twice  prior  to 
use.  This  treatment  did  not  cause  significant  loss  of  viability  as 
determined  by  trypan  blue  exclusion. 

Cell  culture 

were  derived  from  bone  marrow  stem  cells  of  C57BL/6  mice.  Bone 
marrow  of  hind  feet  femurs  was  washed  twice  in  Hank's  medium  and  clumps 
of  cells  were  gently  dispersed.  Six  x  10&  cells  were  plated  in  a  Petri 
dish  of  8  cm  in  diameter  with  12  ml  of  the  appropriate  medium  (50%  Du  1  - 
becco's  modified  Eagle's  medium,  DMEM;  30%  supernatant  of  L929  cells 
which  were  provided  by  Dr.  M.L.  Lohmann-Matthes ;  20%  horse  serum) 
(Meerpohl  et  al . ,  1976).  M<i  were  used  after  6  to  9  days  of  culture. 
Cells  were  detached  from  Petri  dishes  by  incubation  with  10  ml  phosphate 
buffer  saline  (PBS)  0.02%  EDTA  for  30  min  at  4°.  Cells  were  then  centri¬ 
fuged  and  resuspended  in  DMEM. 
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RESULTS 


The  fine  specificity  of  Mab  SJL  2-4  was  determined  either  by 
solid  phase  binding  or  by  inhibition  assay  in  solution  by  using  diffe¬ 
rent  cyt  £  preparations.  In  particular  as  shown  in  Table  1,  SJL2-4 
recognizes  heme  peptide  1-38  and  peptide  1-25,  synthetic  apo-peptide 
Tyr-11-25  but  not  heme  peptides  5-21.  If  one  considers  that  an  antige¬ 
nic  site  is  comprised  of  4-6  amino  acid  residues  (Sela,  1969)and  that 
we  are  probabl y  deal ing  with  a  sequential  determinant,  it  follows  that 
the  sequence  recognized  by  the  Mab  SJL2-4  should  be  located  near  resi¬ 
dues  22-28  of  the  cyt  £  molecule  .This  region  may  be  further  defined 
when  we  consider  that  tuna  cyt  c  heme  peptide  1-65  is  recognized  by 
the  Mab.  In  this  fragment  Candida  krusei  and  yeast  cyt  £  contain  a 
proline  instead  of  a  lysine  residue  (Fig.  1).  As  expected,  these  two 
preparations  are  not  recognized  by  the  Mab. 

The  positive  binding  obtained  when  the  wells  were  coated  with 
native  cyt  c  can  be  explained  by  a  partial  denaturation  of  the  mole¬ 
cule  upon  bTnding  to  the  solid  phase.  Since  the  solid  phase  binding 
gives  only  a  qualitative  indication  of  the  capacity  of  the  Mab  to  bind 
to  a  certain  preparation,  quantitative  iimiunoprecipitation  analysis 
and  competitive  inhibition  assays  were  performed  in  solution  by  using 
a  1 -rad i o 1 abeT ed  preparation  of  horse  apo-peptide  1-65.  The  asso¬ 
ciation  constant  determined  by  Scatchard  analysis  was  9±1  x  10®  M. 

Table  I 


Binding  of  SJL  2-4  and  Mab  to  different  cyt  £  preparations 

on  sol  id  phase3 


Antigen 

Bound  CPM  x  10‘3 

Horse  apo  cyt  c 

11.2 

Horse  heme  peptide  1-38 

8.6 

Horse  synthetic  peptide  Tyr-11-25 

3.0 

Horse  heme  peptide  1-25 

2.6 

Horse  heme  peptide  5-21 

0.2 

Tuna  heme  peptide  1-65 

8.8 

Candida  peptide  1-70 

0.3 

Yeast  peptide  1-69 

0.3 

Horse  cyt  c 

11.2 

Bovine  serum  albumin 

0.2 

aBinding  was  performed  as  described  in  Material  and  Methods.  Binding 
of  SJL  2-4  were  performed  with  100  pi  of  1:40  culture  supernatant. 
This  concentration  of  Mab  is  below  the  limit  of  saturation  in  our 
experimental  condition.  100.000  cpm  of  125 1 _rat>5 i t  anti-mouse  F ( ab )  '2 
fragment  antibodies  were  addea  at  each  well. 


Horse 

Tuna 

Yeast 

Candida 

krusei 


10  20  30 

FVQKCAQCHTVEKGGKHKTGPNLHGLFGR 

-  N  -  V - W _ 

_  K  T  R  _  L  -  P  _  V  _  I  _ 

_  K  T  R  -  I  _  A  _ A  _  V  _  I  _  S  _ 


Amino  acid  sequence  of  Horse,  tuna,  yeast  and  Candida  k  cytochrome  c 
of  segment  10-38. 


Figure  1 
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When  competitive  inhibition  assays  were  performed  in  solution 
with  different  cyt  £  preparations  the  following  results  were  obtained 
(Table  II).  Homologous  horse  apo-cyt  £,  homologous  horse  apo-cyt  £  and 
homologous  apo-peptide  1-65  and  heme  peptide  1-65  competed  efficiently 
for  the  binding  of  125i_ap0_peptide  1-65  at  similar  antigen  concen¬ 
tration.  On  the  contrary,  tuna  peptide  1-65,  synthetic  peptide  Tyr- 
11-25  and  native  cytochrome  £  competed  at  much  higher  concentrations 
or  not  at  all.  This  was  in  contrast  with  the  results  obtained  by  solid 
phase  binding  in  which  the  response  obtained  for  the  three  prepara¬ 
tions  was  in  general  of  the  same  order  of  magnitude  as  for  the  apo¬ 
protein.  This  might  be  due  to  the  fact  that  on  solid  phase  binding,  an 
antibody  can  bind  as  a  bivalent  ligand  and  this  can  increase  the 
overal  affinity  of  the  interaction.  Support  for  this  explanation  is 
the  capacity  of  peptide  Tyr-11-25  coupled  to  ovalbumin  (  10  groups/ 

molecule)  to  effectively  inhibit  the  antigen-antibody  reaction  in 
solution. 

i 

|  Tuna  cyt  £  differs  from  horse  cyt  £  in  the  region  22-28  at  posi¬ 

tion  22  and  28  where  two  non  conservative  substitutions  occur.  Aspara¬ 
gine  and  alanine  residues  are  substituted  for  a  lysine  and  a  threonine 
residue,  respectively  (Fig.  1).  At  present,  uncertainty  remains  in  the 
,  determination  of  which  of  the  two  residues  of  the  horse  cyt  £  molecule 

(  is  part  of  the  epitope  recognized  by  Mab  SJL2-4. 

To  test  the  specificity  of  the  binding  of  SJL2-4  on  M«S  C57BL  or 
Balb/c  M6  were  pulsed  with  various  cyt  c_  preparations.  The  antigen 
concentration  used  was  1  mg/ml  since  it  was  early  found  to  be  opti¬ 
mal  for  the  activation  of  apo-cyt  £  specific  T  cells.  Table  3  summa¬ 
rizes  the  results  obtainea  when  Mab  SJL  2-4  was  used. 

Table  II 

I  Competitive  inhibition  of  the  binding  of  125 j -rad i ol abeled 

j  horse  apo-peptide  1-65  and  Mab  SJL  2-4a 

I  _ _ _ 

J  Antigen  concentration 

Unlabeled  antigen  at  50%  inhibition 


Horse  apo-cyt  c 

Horse  apo-peptTde  1-65 

Horse  heme  peptide  1-65 

Tuna  heme  peptide  1-65 

Horse  synthetic  peptide  Tyr-11-25  2/ 

Horse  synthetic  peptide  Tyr-ll-25-0VA 

Horse  cyt  c& 


5.0  x  10-9  M 
5.1  x  10-9  M 
5.1  x  10-9  M 

3.5  x  10-6  M 

2.5  x  10-5  M 
2.0  x  lO-7  M 

10-5  m 


aA  constant  amount  of  125i_radiolabeled  horse  apo-peptide  1-65  (30.000 
cpm) ,  Mab  SJL  2-4  (50  ng)  was  selected  to  give  approximately  50%  bin¬ 
ding  of  the  radiolabeled  antigen.  Increasing  amount  of  unlabeled  pre¬ 
parations  were  added  to  the  labeled  peptide  prior  to  addition  of  the 
Mab. The  resulting  mixture  (200  ul  total)  was  incubated  for  2hr  at 
room  temperature  and  the  antigen  antibody  complex  was  precipitated 
with  PEG  6000  (13%  final  concentration). 

^Horse  synthetic  peptide  Tyr-11-25,  horse  peptide  81-104  and  native 
horse  cyt  £  did  not  compete  at  all  at  the  concentrations  indicated. 
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Table  III 


Comparison  between  the  binding  of  Mab  SJL  2-4  on  macrophages  pulsed 
with  different  peptide  preparations  and  specificity  of 
T-cell  clone  2-16a 


Peptides 


cpm  x  10-4b 

MjS  T  cell  clone 


Lysozyme  0.2  (  —  )c 

Cyt  £  0.4  (  +  ) 

Heme  peptide  1-65  0.4  (  +  ) 

apo-cyt  c  3.6  (+  ) 

apo-peptTde  1-65  4.4  (+  ) 

synthetic  peptide  Tyr  11-25  0.7  (  +  ) 


+ 

+ 


+ 


aBM  Mo  were  pulsed  for  lh  at  37°  with  1  mg/ml  of  different  peptide 
preparations,  washed  twice  and  then  incubated  5  h  at  37°. 
b6  x  lo5  cpm  of  1 2 5 1 -m ab  were  added  to  5  x  10^  cells  for  45  min  at 
37°.  After  two  washings  the  radioactivity  bound  to  Mo  was  determined 
by  lysing  the  cells  with  2 %  SDS  in  PBS.  Standard  deviation  is  less 
than  5%. 

cThe  positive  (+)  or  negative  (-)  binding  obtained  by  solid  phase 
assay  is  shown  in  parenthesis  {  ). 


These  binding  experiments  showed  that  Mab  SJL  2-4  could  bind  apo- 
cyt  £,apo-peptide  1-65  and  peptide  Tyr-11-25.  On  the  other  hand,  in 
contrast  to  solid  phase  binding,  little  binding  was  observed  when  cyt 
£  or  heme  peptide  1-65  were  used.  Similar  results  were  obtained  with 
gl utaraldehyde  fixed  Mo  (data  not  shown).  The  binding  data  correlate 
well  with  the  functional  data  obtained  with  the  Balb/c  clone  2-16 
(Table  III,  Corradin  et  al.,  1983)  which  were  stimulated  by  apo  pro¬ 
tein  and  peptide  11-25  but  not  by  heme  peptide  1-65  and  cyt  £  and  were 
inhibited  by  the  addition  of  Mab  SJL  2-4  in  the  cultures  (Corradin  and 
Engers,  1984). 

Time  course  of  pulsing  and  effect  of  antigen  concentration  on  the 
binding  of  125(-~Mab  SJL  2-4  ~~ 

Mo  were  pulsed  for  different  lengths  of  time  with  apo-peptide 
1-65  at  37°  and  were  then  washed  twice.  After  5hr  incubation  at  37°, 
125i_Mab  SJL  2-4  was  added.  Results  showed  that  the  uptake  of  the 
cyt  c  peptide  by  Mo  was  a  very  rapid  process,  since  50  %  of  maximal 
binding  occured  already  after  5  min  of  pulsing  and  a  plateau  was 
reached  within  30  min  (Fig.  2).  Furthermore,  the  constant  increase  of 
125i-Mab  SJL  2-4  binding  as  a  function  of  increasing  antigen  concen¬ 
tration  used  for  pulsing  seemed  to  indicate  that  maximum  uptake  of 
apo-peptide  1-65  by  Mo  had  not  yet  been  reached,  even  at  a  concentra¬ 
tion  of  1  mg/ml  (data  not  shown).  On  the  other  hand,  at  4°,  the  amount 
of  125i_Mab  SJL  2-4  bound  to  Mo  increased  constantly  over  a  period  of 
150  min.  It  should  be  pointed  out  also  that  little  dissociation  of 
bound  125i_Mab  SJL  2-4  to  apo-peptide  1-65  pulsed  Mo  was  observed  at 
4°.  On  the  other  hand,  at  37°,  about  50  X  of  bound  125j_Mab  SJL  2-4 
could  be  displaced  within  30  min  with  a  50  to  500  fold  excess  of  cold 
Mab  SJL  2-4  (data  not  shown).  Due  to  these  last  observations,  associa¬ 
tion  constant  was  determined  at  37°  only. 
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Binding  constant  determi nation  between  Mab  SJL  2-4  and  apo-peptide  1-65 

Association  constant  (Ka)  of  the  interaction  between  Mab  SJL  2-4 
and  apo-peptide  1-65  were  determined  at  37°  by  using  increasing  amounts 
of  125 i. Mab  SJL  2-4. 

Scatchard  analysis  of  the  binding  was  performed  as  shown  in  Fig. 
3.  It  was  determined  that  the  Ka  between  Mab  SJL  2-4  and  apo-peptide 
1-65  varied  between  0.5  and  1.0  x  108  h-1.  It  was  also  calculated  that 
the  number  of  antigenic  sites  varied  between  1  to  2  x  106  per  cell. 


Time  (min) 

Figure  2 

Kinetic  of  antigenic  site  appearance  on  antigen  pulsed  iV. 

BM  were  pulsed  with  1  mg/ml  apo-peptide  1-65  for  0  to  120  min. 
and  then  washed  twice.  After  5  hr  incubation  at  37°,  5  x  1C>5  cpm  of 
125i_Mab  SJL  2-4  were  added  to  5  x  10^  cells  for  45  min.  at  37°. 
After  two  washings,  the  radioactivity  bound  to  Mo  was  determined  by 
lysing  tne  cells  with  2%  SOS  in  PBS. 


Mb  were  also  fixed  with  glutaraldehyde  before  pulsing  with  apo- 
peptide  1-65.  Also  in  this  case  no  significant  difference  was  observed 
between  non  treated  and  gl utaraldehyde  fixed  Mb.  In  fact,  Ka  and  the 
number  of  antigenic  sites  determined  by  Scatchard  analysis  were  similar 
to  the  values  obtained  for  not  fixed  Mb  (Ka  =  0.5  -lx  108  M*l;  1-2  x 
10$  sites/Mb) . 

To  determine  if  the  structure  of  peptide  was  similar  in  solution  or 
on  Mb,  kinetics  parameters  of  the  antigen-antibody  reaction  were  deter¬ 
mined.  As  shown  in  Table  IV,  the  rate  association  constant  for  the 
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reaction  changed  by  a  factor  of  103  in  the  two  experimental  conditions 
used.  The  rate  dissociation  constant  is  also  different  in  the  two  cases 
but  one  should  consider  the  bivalency  of  the  antibody  when  it  reacts 
with  the  antigen  on  the  Mri.  This  can  decrease  the  rate  dissociation 
constant  by  a  factor  or  lO^-lO®  (Karush,  1978).  That  the  peptide  13-25 
recognized  by  Mab  SJL2-4  and  the  T  cell  clone  is  capable  of  undergoing  a 
conformational  change  is  provided  by  the  circular  dichroism  data  ob¬ 
tained  in  different  solvent  composition.  As  shown  in  Fig.  4  peptide 
13-25  displays  a  higher  -helical  content  by  increasing  the  percentage 
of  trifluoroethanol  (TFE)  as  judged  by  the  absorption  at  222  and  207  nm. 
The  percentage  of  -helix  at  99%  TFE  calculated  by  taking  the  experi¬ 
mental  value  obtained  at  222  nm  varies  from  37  to  50%  depending  on  the 
value  chosen  as  100%  heliplicity.  This  varies  from  -28.000  to  21.800 
deg.cm2dmol_l  for  small  peptides  of  6-10  amino  acids  (Ku  et  al.,  1981). 


Figure  3 

Association  constant  of  the  interaction  between  Mab  SJL  2-4  antigen 
and  pulsed  MtS 

BM  top  were  pulsed  for  1  hr  at  37'  with  1  mg/ml  apo-peptide  1-65  and 
then  washed  twice.  After  5  hr  incubation  at  37",  different  amounts 
of  125i-Mab  SJL  2-4  in  100  ul  were  added  to  5  x  10^  cells  for  45 
min.  at  37".  After  two  washings,  the  radioactivity  bound  to  tne  MtS 
(B)  and  the  radioactivity  in  supernatant  (F)  were  determined  for 
Scatchard  analysis. 

Ka  =  0.6  x  10®  M-l 

Number  of  antigenic  sites/MiS  =  1.8  x  10® 

Association  constant  and  number  of  antigenic  sites/M<S  vary  from  0.5 
to  1.0  x  10®  M“1  and  1  to  2  x  10®  sites/M«(,  respectively  in  the  4 
experiments  performed. 
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Table  IV 


Values  of  binding  constants  and  K+i  and  K_i  for 
apo-cyt  £  peptide  1-65  and  Mab  SJL2-4 


Solution 


Macrophage 


Ka(M"l) 

9x108 

0.7-3x108 


K+i(M-ls-l) 

1.3x107 

3.5x103 


K-i(s-l) 

1.5x10-2 

10-4-10-5 


The  association  constant  and  on  and  off  rate  of  the  reaction  between 
apo  cytochrome  £  peptide  1-65  and  Mab  SJL2-4  were  determined  at  25°C. 


Figure  4 

Far-ultraviolet  circular  dichroisim  spectra  of  peptide  13-25  of 
horse  cytochrome  c. 

Spectra  were  recordered  at  25°C  at  the  concentration  of  50  ug/ml  in 
3  mM  phosphate  buffer,  pH  7.0  and  in  the  presence  of  0.1  M  NaCl 
(1),  60%  (2),  80%  (3),  99%  (4)  of  trifl uoroethanol . 

Time  course  of  expression  of  antigen  on  Mo  cell  surface 

To  test  the  possibility  that  antigen  was  taken  up  by  Mo  and  reex¬ 
pressed  at  a  later  time  as  seen  in  other  experimental  systems  (Chesnut 
et  al.,  1982;  Allen  et  al.,  1984),  the  effect  of  trypsin  after  antigen 
pulsing  was  investigated  at  different  times.  As  summarized  in  Fig.  5, 
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binding  of  125i_Mab  SJL  2-4  was  detected  over  a  period  of  50  hr  and  the 
half-time  of  antigenic  disappearance  was  about  15-20  hr.  On  the  contra¬ 
ry,  trypsinized  Mo  did  not  bind  any  125i_Mab  SJL  2-4  over  a  period  of  50 
hr  indicating  that  antigen  determinants  were  not  reexpressed  in  this 


Time  (h) 

Figure  5 

Kinetics  of  125i_Mab  SJL  2-4  binding  on  Mo  pul  sea  with  different 
peptide  preparations. 

BM  Mo  were  pul sed  for  1  hr  at  37°  with  1  mg/ml  of  either  lysozyne 
(a),  cyt  £  (b)  or  apo-peptiae  1-65  (c)  and  then  washed  twice.  2.5  x 
l(p  cpm  of  125 1 _Mab  SJL  2-4  were  added  to  5  x  104  cells  for  45 
min  at  37°  at  different  time  as  indicated  in  the  figure.  After  two 
washings,  radioactivity  bound  to  Mo  was  determined  by  lysing  the 
cells  with  2%  SOS  in  PBS. 


period  of  time  (Fig.  6).  It  is  worth  noting  that  trypsinization  did  not 
abolish  the  Mo  capacity  to  bind  apo-peptide  1-65. In  fact,  the  degree  of 
125i_Mab  SJL  2-4  binding  to  Mo  pulsed  with  antigen  after  trypsinization 
was  similar  to  that  observed  for  untreated  Mo  (data  not  shown). 
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Similarly,  studies  were  performed  on  native  cyt  c  pulsed  Mtf  to 
determine  whether  or  not  the  Mo  could  generate  the  antigenic  site  seen 
by  Mab  SJL  2-4.  M16  pulsed  with  either  lysozyme,  cyt  £  or  apo-peptide 
1-65  were  subjected  to  125 1 -Mab  SJL  2-4  binding  over  a  period  of  18hr. 
In  the  case  of  cyt  £,  binding  of  Mab  SJL  2-4  remained  near  the  back¬ 
ground  level  (lysozyme)  while  apo-peptide  1-65  pulsed  Mo  showed  a  slow 
decrease  of  l«l-Mab  SJL  2-4  binding  with  a  halftime  of  antigen  disap¬ 
pearance  of  about  15-20hr  as  previously  shown  in  Fig.  5. 


Tim*  (h) 

Figure  6 


125j_Mab  SJL  2-4  binding 

on  trypsinized-antigen 

du  lsed 

BM  Md  were  pulsed  for  1 

hr  at  37'  with  1  mg/ml 

apo-peptide  1-65 

After  two  washings,  cells  were  treated  with  50  ug/ml  trypsin  for  15 
min.  at  37*.  Tryptic  activity  was  quenched  by  adding  FCS  to  final 
concentration  of  10%.  5  x  105  cpm  of  125 i -Mab  SJL  2-4  were  added  to 
5  x  104  cells  for  45  min.  at  37°  at  different  time  as  indicated  in 
the  figure.  After  two  washings,  the  radioactivity  bound  to  the  Vi/S 
was  determined  by  lysing  the  cells  with  2%  SOS  in  PBS. 


These  negative  results  obtained  with  native  cyt  £  were  not  due  to  a 
low  uptake  of  native  protein  since  cyt  £  was  taken  up  by  Mtf  to  the  same 
extent  as  apo-cyt  £  as  judged  by  using  radiolabeled  preparations  of  the 
two  forms. 

The  effect  of  chloroquine  treatment  before  and  after  antigen  pul¬ 
sing  was  also  determined.  As  shown  in  Table  V,  no  difference  in  the 
bound  cpm  was  found  between  the  two  experimented  procedures. 
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Table  V 


Effect  of  chloroquine  on  the  binding  of  _Mab  SJL  2-4 
to  apo- peptide  1-65  pulsed  Mji 


Pretreatment3 

and  pulse  Incubation^  cpm  x  10_4c 


1.7  ±  0.1 

+  2.2  t  0.1 

+  -  2.2  ±  0.1 

+  +  2.3  ±  0.2 

aBMM<5  were  treated  for  lhr  either  with  (+)  or  without  (-)  0.1  mM  chlo¬ 
roquine  prior  to  lhr  pulsing  with  1  mg/ml  of  apo-peptide  1-65. 

t*M(6  were  washed  twice  and  then  incubated  1.5  hr  in  the  presence  (+)  of 
the  drug. 

c5  x  10$  cpm  of  125i_Mab  SJL  2-4  were  added  to  5  x  104  for  45  min 
at  37°.  After  two  washings,  the  radioactivity  bound  to  Md  was  deter¬ 
mined  by  lysing  the  cells  with  2%  SDS  in  PBS.  Control  cpm  (no  anti¬ 
gen)  was  0.1  x  104  cpm/5  x  10^  M . 


All  these  experiments  indicated  that  very  little  if  any  interna¬ 
lization  of  the  antigen  was  needed  under  our  experimental  conditions 
either  during  or  after  pulsing  for  the  expression  of  the  antigenic 
determinant  23-28. 

DISCUSSION 

The  results  presented  here  indicate  that  the  Mab  SJL  2-4  recog¬ 
nizes  the  denatured  horse  cyt  £  molecule  with  an  association  constants 
of  9  x  108  M-l.  In  particular,  it  recognizes  heme  or  apo  peptide  1-65, 
heme  peptide  1-25,  apo-peptides  Tyr-11-25  but  not  heme  peptides  5-21. 
This  suggests  that  the  sequence  recognized  by  the  Mab  is  located  in 
the  C-terminal  segment  of  peptide  11-25.  Yeast  and  Candida  krusei  cyt 
£  peptide  1-69  and  1-70  in  which  a  proline  residue  is  substituted  for 
a  lysine  in  position  25  do  not  bind  to  the  Mab.  If  we  consider  that  an 
antigen  determinant  is  comprised  of  4  to  6  amino  acid  residues  (Sela, 
1969),  we  suggest  that  the  sequence  important  for  the  binding  is  loca¬ 
ted  around  segment  22-28  of  the  horse  molecule.  The  inhibition  studies 
performed  in  solution  with  tuna  apo  cyt  £  would  support  the  idea  that 
either  residues  Lys  22  or  Thr  28  or  both  present  in  the  horse  molecule 
(Asn  and  Val  in  tuna  cyt  c)  are  part  of  the  combining  site  since  a 
1000  fold  decrease  in  binding  is  observed  when  the  tuna  preparation 
was  used. 

It  is  interesting  to  observe  that  recognition  of  horse  peptide 
Tyr-11-25  occurs  only  when  the  peptide  is  bound  to  a  solid  phase.  In 
solution,  little  or  no  inhibition  of  the  binding  between  125i-norse 
apo-peptide  1-65  and  the  Mab  is  observed  when  the  peptide  was  used  as 
inhibitor . 

It  is,  therefore,  conceivable  that  on  solid  phase  the  two  combi¬ 
ning  sites  of  the  antibody  molecule  are  not  totally  independent  such 
that  the  overal  binding  affinity  is  now  increased  which  would  favor 
cross-reacting  peptides  of  low  affinity  (Karush,  1978).  The  data  ob¬ 
tained  with  the  peptide  coupled  to  ovalbumin  lend  in  fact  support  to 
the  idea  that  bivalency  of  the  interaction  is  important  to  increase 
the  overall  binding  affinity. 
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In  the  case  of  cyt  £,  partial  denaturation  of  the  molecule  upon  binding 
to  the  polyvinyl  plate  may  be  responsible  for  the  recognition  of  the  two 
Mab.  All  these  cases  demonstrate  that  data  obtained  from  solid  phase 
binding  while  very  practical  may  not  fully  apply  to  in  solution  condi¬ 
tions. 


The  binding  specificity  of  SJL2-4  Mab  on  antigen  pulsed  MrS  indi¬ 
cate  that  a  set  of  peptides  similar  to  those  recognized  on  solid  phase 
is  seen  by  the  Mab.  In  particular  it  binds  to  peptide  Tyr-11-25.  Two  ex¬ 
ceptions  are  worth  commenting.  A  very  low  degree  of  binding  was  observed 
when  native  cyt  £  or  heme  peptide  1-65  were  used  to  pulse  the  Mtf.  One 
explanation  is  tnat  degradation  of  heme  peptide  1-65  and  cyt  c  takes 
place  and  no  peptides  recognized  by  Mab  SJL2-4  are  then  ex pressed- on  the 
cell  surface  of  the  MtS.  Alternatively,  the  presence  of  a  hydrophobic 
group  like  the  heme  may  alter  the  interaction  with  the  cell  surface.  For 
example,  the  heme  group  might  penetrate  the  lipid  bilayer  rendering  the 
adjacent  segment  22-28  inaccessable  for  binding.  On  the  other  hand,  in 
the  case  of  cyt  £  little  or  no  degradation  or  denaturation  may  occur 
upon  interaction  of  the  protein  with  the  Md .  That  this  might  be  the  case 
was  revealed  by  the  binding  of  Mab  2.61  specific  for  the  native  molecule 
to  cyt  £  pulsed  MeS  (Demotz  and  Corradin,  unpublished  results). 

Similar  pattern  of  reactivity  shown  for  Mab  SJL2-4  were  also  ob¬ 
tained  in  functional  studies.  In  fact,  a  T  cell  clone  whose  specificity 
is  similar  to  that  observed  for  Mab  SJL2-4  (Corradin  et  al.,  1983)  is 
activated  by  apo-cyt  £  peptides  but  not  by  heme  containing  peptides  or 
cyt  £. 

The  capacity  of  the  Mab  to  recognize  peptide  Tyr-11-25  on  solid 
phase  or  membrane  bound  but  not  in  solution  has  a  bearing  on  the  possi¬ 
bility  to  purify  processed  antigenic  peptides.  For  example,  the  di¬ 
gestion  of  peptide  1-65  may  result  in  the  formation  of  T-cell  antigenic 
peptides  which  do  not  contain  the  full  antigenic  site  recognized  by 
SJL2-4  as  is  the  case  of  Tyr-11-25  peptide  and  would  be  therefore  impos¬ 
sible  to  immunoprecipitate  them. 

The  binding  constant  of  the  interaction  of  apo-cyt  £  1-65  nd 
SJL2-4  is  similar  when  the  antigen  is  in  solution  or  on  membrane  bound. 
But  the  kinetics  parameters  indicate  that  the  similiratiy  of  the  binding 
constant  is  due  to  different  reasons;  the  decrease  of  the  on-rate  for 
the  membrane  bound  antigen  is  accompanied  by  a  decrease  of  the  off-rate 
reaction.  This  latter  is  probably  due  to  the  bivalency  of  the  interac¬ 
tion  which  occurs  when  the  antigen  is  membrane  bound.  The  on-rate  asso¬ 
ciation  constants  in  solution  and  on  M)4  indicate  that  the  antigen  is 
most  likely  in  different  conformations.  A  support  for  this  explanation 
is  provided  by  circular  dichroism  studies.  In  fact,  an  increase  of  the 
-helical  content  was  observed  for  peptide  13-25  (which  is  equally 
potent  in  eleciting  a  T  cell  response  as  peptide  11-25)  upon  increasing 
hydrophobicity  of  the  solvent. 

The  capacity  of  the  Mab  SJL2-4  to  block  T-cell  functions  in  nume¬ 
rous  clones  is  most  likely  due  to  the  high  affinity  interaction  with  the 
membrane  bound  antigen.  In  fact,  another  Mab  Cyt-1-59,  which  recognizes 
the  same  site  on  apo-cyt  c  but  with  a  different  affinity  (2  x  10?  M'l), 
is  not  effective  of  inhibiting  T  cell  functions  (Corradin  et  al.,  1984). 

Therefore,  the  previous  failure  of  inhibiting  antigen  specific 
T-cell  proliferation  or  antigen  (virus)  specific  T  cell  killing  by  ant,- 
antigen  antibodies  may  be  due  to  several  different  factors: 
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1)  lack  of  knowledge  of  the  exact  segment  recognized  by  the  antibodies; 

2)  low  binding  affinity  of  the  antibody  for  the  membrane  bound  antigen. 

If  in  fact  a  structural  change  occurs  when  antigen  interacts  with 
antigen  presenting  cells,  it  is  likely  that  the  antibody  raised  against 
the  antigen  in  solution  may  recognize  the  membrane  bound  antigen  poorly 
except  in  certain  exceptions  like  ours. 

The  data  regarding  the  appearance  and  disappearance  of  the  antige¬ 
nic  site  on  indicate  that  the  interaction  with  the  membrane  is  a  fast 
process  and  while  its  desappearance  is  a  slow  process  with  a  half-time 
of  disappearance  of  about  24  h.  Both  processes  are  likely  to  be  related 
to  structural  features  of  the  peptide  under  investigation.  But  they  are 
not  mediated  by  the  presence  of  class  II  molecules  since  class  II  nega¬ 
tive  6H5412  thymoma  cells  behave  in  a  similar  fashion  as  BM  M{J.  In  addi¬ 
tion,  the  high  number  of  sites  detected  (0.5  to  4.0  x  1C)6)  is  in  much 
greater  number  than  the  number  of  class  II  molecule  present  on  BM  macro¬ 
phages  estimated  to  be  10-50  x  10^  from  flow  cell  activated  cell  sor¬ 
ter).  Therefore,  we  would  like  to  suggest  that  the  first  requisite  of  an 
antigenic  peptide  is  its  capacity  to  interact  with  a  cell  membrane  inde¬ 
pendent  on  the  presence  of  class  II  molecules.  This  interaction  is  ne¬ 
cessary  to  keep  the  antigen  attach  on  the  presenting  cells  and  eventual¬ 
ly  it  will  be  able  to  interact  with  class  II  molecules  (Babbitt  et  al , 
1985;  Babbitt  et  al.,  1986;  Buus  et  al.,  1986).  The  interaction  with  the 
cell  surface  may  be  facilitated  either  by  the  capacity  of  the  peptide  to 
form  amphiphatic  structures  as  suggested  by  De  Lisi  and  Berzofsky  or  by 
the  presence  in  the  peptide  of  hydrophobic  segment  as  suggested  by 
Corradin  et  al .  (1987).  This  would  explain  also  the  long  half  time  of 
disappearance  of  the  peptide  from  the  cell  surface  and  could  represent 
an  advantage  for  the  irrmune  system  to  keep  antigen  on  the  cell  surface 
for  long  time  to  facilitate  the  triggering  of  the  immune  system. 

In  agreement  with  this  observations  are  the  results  obtained  when 
membrane  bound  peptides  are  compared  to  those  found  in  the  supernatant 
(Demotz  and  Corradin,  unpublished  results).  In  general,  the  membrane 
bound  peptides  are  eluted  of  higher  concentration  of  acetonitrile  than 
the  peptides  in  the  supernatant  indicating  a  higher  hydrophobicity  of 
the  former  ones.  Thus,  one  can  envision  that  when  a  protein  is 
pinocytosed  by  an  antigen  presenting  cells,  peptides  of  different  sizes 
and  compositions  are  formed  and  only  those  that  can  effectively  interact 
with  the  membrane  of  the  organelles  where  the  hydrolysis  occurs  will  be 
retained  and  reexposed  on  the  cell  surface.  During  this  process, 
chemical  modification  of  the  antigenic  peptide  could  occur  as  suggested 
by  Demotz  et  al .  (1984)  and  recently  by  Falo  et  al .  (1986).  Once  on  the 
cell  surface,  the  peptides  could  then  interact  with  class  II  molecules 
either  prior,  as  suggested  by  Babbit  et  al .  (1985  and  1986)  or  during 
recognition  by  antigen  specific  T-cell  receptors. 
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The  recognition  of  antigen  by  helper  T-cells  through  their  antigen 
specific  receptor  has  been  the  center  of  Intense  Investigation  by  many 
different  researchers.  Helper  T-cells  recognize  antigen  In 
association  with  a  class  II  molecule  on  the  surface  of  an  antigen 
presenting  cell.  Unlike  B-cells  which  generally  recognize  deter¬ 
minants  found  In  the  native  form  of  the  antigen,  most  T-cells  recog¬ 
nize  a  non-native  form  of  the  antigen.  It  Is  this  conversion  of 
antigen  from  a  native  form  to  the  form  recognized  by  T-cells  which  has 
been  operationally  defined  as  antigen  processing.  Over  the  past  four 
years,  we  have  developed  a  system  which  utilizes  the  antigen  hen 
egg-white  lysozyme  to  determine  at  a  molecular  level  1)  what  antigen 
processing  Is,  2)  how  the  determinant  recognized  by  the  T-cell  Is 
formed,  and  3)  what  precisely  Is  the  ligand  of  the  T-cell  receptor. 

In  this  manuscript,  we  would  like  to  Initially  review  the  concept  of 
antigen  processing  at  a  molecular  level  and  then  present  our  results 
on  the  formation  and  recognition  by  the  T-cell  receptor  of  an 
antigenic  determinant  of  HEL. 

Antigen  Processing 

When  the  antigen  processing  requirements  of  two  HEL  specific  T- 
cell  hybrldomas  were  examined,  an  Interesting  observation  was  obtained 
In  that  the  definition  of  antigen  processing  was  different  for  these 

if 

two  T-cell  hybrldomas.  They  both  used  the  I-A  molecule  as  their 
restriction  element  and  recognized  the  same  peptide  of  HEL,  residues 
52  to  61.  However,  one  T-cell  hybrldoma,  2A11,  required  processing  to 
Involve  a  proteolytic  cleavage  of  HEL,  whereas  the  other  T-cell 


147 


hybrldoma,  3A9,  only  required  unfolding  of  the  polypeptide  chain  for 
processing  (Allen  and  Unanue,  1984).  Thus  the  definition  of  antigen 
processing  differed  for  the  two  T-cell  hybrldomas,  being  proteolytic 
cleavage  for  one  and  simply  unfolding  for  the  other. 

The  requirement  for  processing  has  been  shown  for  a  variety  of 
antigens  including  lysozyme,  myoglobin,  cytochrome  C,  and  ovalbumin. 
For  all  of  these  antigens,  the  native  molecules  required  processing 
before  recognition  by  the  T-cell  receptor.  Myoglobin,  In  a  similar 
fashion  to  HEL,  only  required  unfolding  of  the  polypeptide  chain  for 
processing  (Berzofsky,  1986).  All  of  these  antigens  are  globular 
proteins  and  It  Is  not  surprising  that  they  needed  processing.  One 
can  define  antigen  processing  as  the  biochemical  changes  a  protein 
antigen  must  undergo  to  allow  It  to  associate  with  an  la  molecule  and 
to  form  the  determinant  which  Is  recognized  by  the  T-cell  receptor. 
With  this  definition,  It  Is  conceivable  that  certain  protein  antigens 
can  directly  Interact  with  an  la  molecule  and  thus  not  need  any 
processing. 

We  wanted  to  examine  another  antigen  which  was  not  one  of  the 
small  globular  proteins  used  previously  In  the  processing  studies. 

The  antigen  we  chose  was  human  fibrinogen  (hFIb).  As  In  the  HEL 
system,  we  generated  hFIb  specific  T-cell  hybrldomas  as  our  functional 
probes.  When  the  processing  requirements  were  determined  for  two  of 
the  T-cell  hybrldomas,  the  surprising  finding  was  obtained  that  hFIb 
did  not  require  any  processing  (Lee,  Matsueda,  and  Allen,  Manuscript 
In  preparation).  This  was  demonstrated  by  the  ability  of  prefixed 
antigen  presenting  cells  or  chloroqulne  treated  cells  to  present 
hFIb.  Further  evidence  that  strongly  supported  the  Idea  that  hFIb  did 
not  require  any  processing  was  that  1)  It  was  a  molecule  of  native 
molecular  weight  (340,000  kd)  which  was  stimulating  the  T-cells,  2) 
protease  Inhibitors  (PMSF,  OFP,  Aprotlnln,  Leupeptln)  did  not  prevent 
the  presentation  of  hFIb,  and  3)  the  presentation  of  hFIb  to  the  T- 
cells  could  occur  In  serum  free  or  protein  free  conditions. 

Therefore,  It  appears  that  the  hFIb  molecule  does  not  require  any 
antigen  processing  and  thus  can  directly  Interact  with  an  la 
molecule.  To  further  localize  the  determinant  being  recognized  by  the 
T-cell  hybrldomas  on  the  hFIb  molecule,  Isolated  a,  8,  and  y 
chains  of  hFIb  were  tested  for  their  ability  to  stimulate  the  T-cell 
hybrldomas.  Only  the  a  chains  could  stimulate,  which  localized  the 
determinant  to  this  chain.  The  plasmln  digestion  fragment  of  hFIb, 
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O2 E ,  did  not  stimulate  the  T-cells,  which  further  localized  the 
determinant  to  the  carboxy  terminal  half  of  the  a  chain.  Upon 
examining  the  structure  of  hFIb,  one  sees  the  carboxy  terminal  portion 
of  the  o  chain  does  not  have  a  defined  secondary  structure.  Since 
It  Is  this  portion  which  contains  the  determinant  recognized  by  the  T- 
cell  hybrldomas,  one  can  easily  envision  that  there  Is  enough  freedom 
In  the  conformation  of  this  portion  of  the  a  chain  that  It  could 
directly  Interact  with  the  la  molecule. 

By  examining  the  antigen  processing  requirements  of  HEL  and  hFIb, 
we  have  seen  that  antigen  processing  can  only  be  defined  In  terms  of 
the  antigen  one  Is  studying  and  the  T-cells  one  Is  using  for  the 
functional  readout.  We  would  like  to  propose  that  antigen  processing 
requirements  can  be  divided  Into  three  groups  from  the  data  which  Is 
currently  available  (Table  1).  Group  I  contains  antigens  which  can 
directly  Interact  with  an  la  molecule  and  do  not  need  any  processing, 
with  hFIb  being  an  example.  Group  II  contains  antigens  for  which 
processing  Is  simply  unfolding  the  polypeptide  chain,  an  example  being 
Intact  denatured  HEL,  CM-HEL .  Finally,  Group  III,  contains  antigens 
which  have  to  be  proteolytic  cleaved,  an  example  being  the  determinant 
HEL ( 46-61 ) .  Thus,  It  seems  very  unlikely  that  a  single  molecular 
definition  of  antigen  processing  will  emerge.  The  definition  of 
antigen  processing  will  depend  upon  the  antigen  and  the  T-cells 
studied,  and  will  range  from  no  changes  required  to  proteolytic 
cleavage. 

Table  1.  Antigens  and  Antigenic  Determinants  Classified  by 
their  Processing  Requirements 

Processing  Requirement _ Example 

Group  I  None  Fibrinogen 

Group  II  Unfolding  CM-HEL 

Group  III  Proteolytic  Cleavage  HE L ( 46-61 ) 

CM-HEL,  reduced  and  carboxy-methylated  hen  egg-white  lysozyme; 

HEL ( 46-61 ) ,  tryptic  fragment  of  hen  egg-white  lysozyme  containing 
residues  46-61 . 

Dissection  of  an  Immunogenic  Peptide 

Although  most  T  cells  recognized  a  processed  form  of  the  antigen, 
the  precise  determinant  being  recognized  and  how  this  determinant  was 
actually  formed  was  mostly  unknown.  Using  the  HEL  system,  we  have 
examined  In  detail  the  determinant  recognized  by  two  HEL  specific  T- 
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cell  hybrldomas  which  Is  composed  of  the  peptide  HE L ( 46-61 )  and  an 
I-Ak  molecule  (Allen,  Strydom,  and  Unanue,  1984,  Allen  et  al., 

1985) .  We  have  recently  reported  on  a  direct  association  between  a 
purified  I-Ak  molecule  and  HEL(46-61)  (Babbitt  et  al.  1985).  Using 
equilibrium  dialysis,  we  ascertained  that  the  binding  was  saturable 
and  had  a  Kg  of  2yM.  This  was  the  first  direct  demonstration  that 
an  Immunogenic  peptide  and  a  class  II  molecule  could  directly 
associate  and  strongly  supported  the  theory  that  an  antigen  and  an  la 
molecule  Interacted  and  that  this  complex  was  then  recognized  by  the  T- 
cell  receptor. 

During  the  course  of  this  Investigation,  we  Identified  a  series  of 
analogue  peptides  of  HEL ( 46-61 )  which  could  not  stimulate  the  T-cells 
(Table  2).  We  then  ascertained  If  these  non-stimulatory  peptides 
could  act  as  antagonists  by  competing  for  the  functional  presentation 
of  HEL ( 46-61 ) .  The  two  non-stimulatory  peptides  we  examined  were 
desTyr53HEL( 49-69)  and  Phe56HEL ( 50-61 ) .  Both  of  these  peptides 
were  able  to  compete  for  the  presentation  of  HEL ( 46-61 ) ,  whereas  an 
unrelated  peptide  did  not  compete.  We  then  determined  at  what  level 
this  competition  was  occurring  by  using  the  equilibrium  dialysis 
binding  system.  Both  of  these  non-stimulatory  peptides  were  able  to 
compete  for  the  binding  of  HE L ( 46-61 )  to  I-Ak  (Babbitt  et  al., 

1986) .  By  using  these  non-stimulatory  analogues,  we  were  able  to 
demonstrate  antigenic  competition  and  show  that  this  competition  was 
occurring  at  the  level  of  binding  to  I-A  molecule. 


Table 

2.  Dissection  of 

HE  L ( 52-61 ) 

52 

53 

54 

55 

56 

57 

58  59 

60 

61 

Asp 

Tyr 

Gly 

He 

Leu 

Gin 

lie  Asn 

Ser 

Arg 

Ia 

T 

- 

- 

T 

T 

la 

- 

Ia 

The 

amino 

acid 

sequence 

of 

the  Immunogenic  peptide  HEL ( 52 

and  the  assignment  of  each  of  the  residues.  Ia,  refers  to 
residues  which  contact  the  Ia  molecule;  T,  refers  to  residues 
which  contact  the  T-cell  receptor;  and  -,  refers  to  spacer 
residues. 

Also,  during  this  series  of  experiments,  we  were  able  to  Identify 
two  amino  acid  residues  which  were  being  recognized  by  the  T-cell 
receptor,  those  being  Tyr53  and  Leu56  (Table  2).  Peptides 
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which  contained  substitutions  at  these  positions  were  nonstimulatory, 

but  were  still  able  to  bind  to  I-A  .  Therefore,  these  substitutions 

must  have  affected  the  recognition  of  the  peptide  by  the  T-cell.  For 

a  peptide  to  be  Immunogenic,  we  reasoned  that  It  must  possess  amino 

acid  residues  which  contact  the  T-cell  receptor  and  different  amino 

acid  residues  which  contact  the  la  molecule.  There  would  also  be 

residues  whose  side  chains  are  not  Involved  In  either  function,  and 

are  therefore  acting  as  spacer  residues.  To  examine  each  of  the 

residues  In  the  shortest  Immunogenic  peptide,  HE L ( 52-61 ) ,  we  generated 

a  series  of  peptides  which  contained  single  Ala  substitutions  at  each 

of  the  10  positions  (Allen  et  a!..  Manuscript  In  preparation).  These 

peptides  were  first  tested  for  their  ability  to  stimulate  the  T- 

cells.  He  found  that  at  three  positions,  we  could  substitute  an  Ala 

residue  and  retain  the  ability  to  stimulate  the  T-cells,  these  were 

positions  54,  55,  and  59.  Using  a  series  of  peptides  which  contained 

deletions  of  Internal  residues,  we  found  that  we  could  remove  the 

Ser60  residue  and  still  maintain  an  active  peptide.  Thus,  we  had 

Identified  4  residues  which  we  have  labelled  as  spacer  residues  In 

that  their  side  chains  were  not  Involved  In  either  contacting  la  or 

54  55  59 

the  T-cell  receptor.  Those  residues  were  Gly  ,  lie  ,  Asn  , 

and  Ser^.  Next  we  took  the  Ala  substituted  peptides  which  did  not 

stimulate  and  tested  them  In  the  functional  competition  assay.  The 

rationale  was  that  these  peptides  were  non-stimulatory  due  to  either 

the  loss  of  a  T-cell  contact  residue  or  an  la  contact  residue.  If  a 

peptide  could  compete  for  the  functional  presentation  of  HEL ( 46-61 ) , 

then  we  reasoned  that  It  could  still  bind  to  la,  and  that  the  residue 

at  the  position  of  the  Ala  substitution  was  contacting  the  T-cell 

receptor.  Conversely,  If  the  peptide  could  not  compete,  then  the 

position  of  the  Ala  substitution  must  be  a  residue  which  contacted  the 

53  56 

la  molecule.  We  had  previously  Identified  Tyr  and  Leu  as  T- 

cell  contact  residues  and  we  confirmed  these  positions  In  the 

competition  experiments.  We  also  Identified  a  third  residue  which 

contacts  the  T  cell  receptor,  that  being  Gin  .  We  also  Identified 

the  three  amino  acids  whose  side  chains  were  contacting  the  la 
52  58  61 

molecule.  Asp  ,  lie  ,  and  Arg  .  Thus,  by  this  analysis,  we 

were  able  to  Identify  the  contribution  of  each  of  the  10  positions  In 

the  peptide  recognized  by  the  HEL  specific  T-cell  hybrldomas.  Three 
53  56  57 

residues  Tyr  ,  Leu  ,  and  Gin  contact  the  T-cell  receptor, 

52  58  61 

three  residues  Asp  ,  lie  ,  and  Arg  contact  the  la  molecule 
and  4  residues,  Gly'**,  Ile^,  Asn^,  and  Ser^  were  spacer 
residues  (Table  2). 
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We  also  examined  the  specificity  of  the  recognition  of  two  of  the 

53  56  56 

T-cell  contact  residues,  Tyr  and  Leu  .  Leu  Is  the  only 
residue  which  differs  from  the  corresponding  sequence  In  mouse 
lysozyme,  and  therefore  Is  responsible  for  the  "forelgnness"  and  the 
specificity  of  this  peptide.  We  then  tested  a  series  of  peptides 
which  examined  the  side  chain  specificity.  For  both  the  2A11  and  3A9 
T-cell  hybrldomas,  we  found  tremendous  specificity  In  the 
recognition.  The  wild  type  residue  Is  a  Leu  and  simply  changing  the 
branch  point  of  the  side  chain  with  an  lie  or  a  nor-Leu  completely 
abated  the  ability  of  the  resulting  peptides  to  stimulate  (Figure  1). 
Thus,  the  recognition  of  the  Leu^  side  chain  Is  very  specific, 
reminiscent  of  an  antibody  molecule.  We  also  examined  the  specificity 
of  the  recognition  at  position  53  and  found  that  the  specificity 
depended  upon  which  T-cell  we  used  (Figure  2).  The  3A9  T-cells 
responded  to  a  variety  of  substitutions  and  derivatives,  but  It  always 
required  some  type  of  ring  structure.  The  2A11  cells  would  only 

respond  to  the  wild  type  residue,  a  Tyr.  It  appears  then  that  the 

53  56 

recognition  of  Tyr  Is  not  as  restricted  as  the  Leu30  and  depends 

57 

upon  the  T-cell  used.  We  are  currently  examining  the  Gin  residue 

53 

for  the  specificity  and  we  expect  It  to  be  similar  to  the  Tyr  . 
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Figure  1 . 

Specificity  of  the  side 

chain  recognition  at 

position  56 

The  structure  of  the  side  chain  of  the  amino  acid  resides  at  position 
56  In  a  series  of  analogues  of  HEL  (52-61)  Is  shown.  The  ability  of 
each  of  these  single  substituted  peptides  to  stimulate  either  the  2A11 
or  3A9  T  cell  hybrldomas  Is  shown.  A  Indicates  a  stimulatory 
peptide,  whereas  a  Indicates  a  non-stimulatory  peptide. 
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Figure  2.  Specificity  of  the  side  chain  recognition  at  position  53. 
The  structure  of  the  side  chain  of  the  amino  acid  residue  at  position 
53  In  a  series  of  analogues  of  HEL  (52-61)  Is  shown.  The  ability  of 
each  of  these  single  substituted  peptides  to  stimulate  either  the  2A11 
or  3A9  T-cell  hybrldomas  Is  shown  with  a  "+"  and  a  Indicating  a 

stimulatory  and  a  non-stimulatory  peptide  respectively. 


From  this  work  we  have  shown  a  direct  association  between  an 
Immunogenic  peptide  and  an  la  molecule  with  a  Kj  of  2  pM.  Using 
several  non-stimulating  analogues  we  have  also  demonstrated  functional 
competlon  and  have  shown  that  this  competition  Is  occurring  at  the 
level  of  binding  to  the  la  molecule.  Through  the  use  of  the  binding 
and  competition  assays  we  have  now  been  able  to  completely  dissect  an 
Immunogenic  peptide,  Identifying  the  residues  which  contact  the  T  cell 
receptor  and  those  which  contact  the  la  molecule. 
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INTRODUCTION 

Helper  T-cell  responses  to  the  globular  protein  antigens  studied  to 
date,  require  the  uptake  and  intracellular  processing  of  the  protein  by 
an  la  expressing  antigen  presenting  cell  (APC).  Processing  yields  a 
peptide  fragment,  containing  the  T-cell's  antigenic  determinant,  which 
is  displayed  on  the  APC  surface,  where  it  is  recognized  by  the  helper  T- 
cell  in  conjunction  with  la.  Most  cells  which  express  la  are  competent 
APC,  including  macrophages,  dendritic  cells  and  B  cells  (Unanue,  1984). 
Since,  with  the  exception  of  B  cells,  APC  do  not  express  immune  recep¬ 
tors  for  antigen,  processing  can  presumably  be  initiated  by  a  nonspeci¬ 
fic,  fluid  phase  pinocytosis  of  the  antigen.  However,  recent  studies 
have  indicated  that  B  cells  which  bind  antigen,  or  anti-lg  acting  as  a 
surrogate  antigen,  are  far  more  effective  APC,  capable  of  maximally 
activating  T-cells  requiring  many  fold  less  antigen  and  fewer  cells  as 
compared  to  nonspecific  B  cells.  The  evidence  suggests  that  the  B-cell 
surface  immunoglobulin  serves  to  concentrate  antigen  for  subsequent 
processing  and/or  to  signal  the  cell  to  increase  the  level  of  activities 
required  for  its  processing  and  presentation  functions.  However,  the 
molecular  mechanisms  by  which  surface  Ig  serves  to  augment  presentation 
remains  largely  unknown.  The  results  of  experiments  described  here 
indicate  that  the  surface  Ig  is  not  uniquely  suited  to  facilitate 
antigen  processing  or  presentation,  and  that  antigen  artificially  bound 
to  other  B-cell  surface  proteins,  namely  Class  I  and  Class  II,  is  also 
efficiently  presented.  In  these  cases,  enhanced  antigen  presentation 
appears  to  be  solely  a  function  of  the  ability  of  the  B  cell  surface 
structures  to  concentrate  antigen  for  processing. 

The  globular  protein  antigen,  pigeon  cytochrome  c(Pc)  is  a  well 
characterized  protein  for  which  the  major  T  cell  antigenic  determinant 
has  been  mapped  to  the  carboxyl-terminal  10  amino  acid  residues.  The  T- 
cell  response  to  Pc  requires  the  processing  and  presentation  of  the 
antigen.  Indeed,  when  APC  functions  are  blocked  by  treatment  with 
paraformaldehyde  or  lysosomotropic  agents,  the  native  protein  antigen 
fails  to  stimulate  while  the  peptide  fragment  is  fully  active.  We 
report  here  that  native  P£,  covalently  coupled  to  antibodies  specific 
for  either  Ig,  Class  I(K^),  or  Class  II(I-A^)  are  very  effective 
antigens,  stimulating  a  Pc-specific,  I-Ek  restricted  T-cell  hybrid  at 
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concentrations  50-200-fold  lower  than  that  required  for  Pc  alone,  for 
Pc  coupled  to  antibodies  which  do  not  bind  B  cell  surface  structures,  or 
for  unmodified  Pc  and  antibodies.  The  Pc-antibody  conjugates  required 
processing,  as  demonstrated  by  their  inability  to  activate  the  Pc- 
specific  T  cell  hybrid  when  paraformaldehyde-fixed  B-cells  are  used  as 
APC.  P£  coupled  to  monovalent  fragments  of  anti-Ig  antibodies  was 
nearly  as  effective  as  Pc  coupled  to  bivalent  antibodies,  indicating 
that  phenomena  mediated  by  bivalent  binding,  such  as  patching  and 
capping  of  the  surface  Ig,  were  not  required  for  enhanced  antigen 
presentation. 


RESULTS  AND  DISCUSSION 

Pc  was  thiolated  (Jue,  et  al.,1978)  and  coupled  to  purified  mono¬ 
clonal  antibodies  specific  for  Kk(HB13),  I-Ak(TIB  93),  I-As  (HB4),  and 
to  rabbit  anti-mouse  Ig  antibodies,  nonspecific  rabbit  Ig,  or  monovalent 
Fab  fragments  of  rabbit  anti-mouse  Ig  antibodies,  using  the  heterobi¬ 
functional  reagent  m-maleimidobenzoyl-N-hydroxysuccinimide  ester  (O'Sul¬ 
livan,  et  al .  .  1979).  Conjugates  were  separated  from  unmodified 
cytochrome  c  by  molecular  sieve  chromatography  and  the  concentration  of 
Pc  in  the  conjugates  was  determined  by  absorbance  at  410nm.  In  each 
case,  an  average  of  one  Pc  molecule  was  coupled  to  each  antibody.  The 
conjugates  were  tested  for  their  ability  to  activate  the  I-Ek-restricted 
Pc-specific  T  cell  hybrid,  TPc9.1,  to  IL-2  secretion  when  purified 
splenic  B  cells(H-2k)  were  used  as  APC.  .  P<;  conjugated  to  antibodies 
which  bind  to  B  cell  surface  I-Ak,  Kk,  or  Ig  are  more  effective  anti¬ 
gens,  as  compared  to  Pc  alone  or  to  P£  conjugated  to  antibodies  which  do 
not  bind  the  B  cell  surface,  namely  nonspecific  rabbit  Ig  or  antibodies 
specific  for  the  la  of  a  different  MHC  haplotype,  I -A8  (Table  1).  In 
addition,  the  monovalent  fragments  of  rabbit  anti-mouse  Ig  when  coupled 
to  Pc  were  as  effective  as  the  divalent  anti-Ig  antibodies  coupled  to  Pc 
(data  not  shown). 


Table  1.  Activation  of  a  Pc-Specific  T-Cell  Hybrid  by  Pc-Antibody 
Conjugates  Presented  by  B  Cells^ 


Conjugated  Antibody  Unconjugated  Antibody 


Antigen  [PcJuM  required 

Antigen  [Pc]uM  required 

50% 

Max.  Response 

50%  1 

Max.  Response 

Pc 

1.0 

Pc 

1.4 

Pc-Anti -Kk 

0.08 

Pc 

+  Anti-Kk 

1.1 

Pc-Anti-I-Ak 

0.05 

Pc 

+  Anti-I-Ak 

2.0 

Pc-Anti-Ig 

0.003 

Pc 

+  Anti-Ig 

2.0 

Pc-Anti-I-As 

0.7 

Pc 

+  Anti-I-As 

0.9 

Pc-non- 

Pc 

+  non- 

specif ic-Ig 

>2.0 

specif ic-Ig 

0.9 

1  TPc9.1  cells  (5  x  10^)  were  cultured  in  0.2ml  with  purified 
splenic  B  cells  (2  x  105)  and  graded  concentrations  of  Pc  or  Pc-antibody 
conjugates  (left  panel)  or  graded  concentrations  of  P£  and  unconjugated 
antibodies(20ug/ml )  (right  panel).  The  supernatants  are  assayed  for  the 
presence  of  IL-2  24  hours  later  using  the  CTLL  indicator  cell  line 
(Casten  et  al . ,  1985).  The  results  are  expressed  as  the  concentration 
required  to  reach  the  50%  maximal  T-cell  response  achieved  by  the 
addition  of  Pc  alone. 
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The  covalent  attachment  of  Pc  to  the  antibodies  is  essential  to 
obtain  the  observed  effect  because  the  binding  of  the  unconjugated 
antibodies  to  the  B  cell  does  not  activate  the  B-cell  to  enhanced 
processing  and  presentation  of  free  Pc  (Table  1).  We  previously 
demonstrated  that  Fab  fragments  of  anti-Ig  antibodies  augment  the  B 
cells'  ability  to  present  Pc  independently  of  the  internalization  of  the 
receptor-antigen  complex.  It  was  concluded  that  the  binding  of  anti-lg 
antibodies  to  surface  Ig  signalled  for  enhanced  APC  function.  The 
increased  efficiency  of  the  Pc-anti-I-A**  and  Pc-anti-K^  conjugates 
described  here  is  apparently  not  a  result  of  this  phenomenon,  but  is 
more  likely  due  to  the  conjugate's  ability  to  concentrate  Pc,  on  the  B 
cell  surface,  for  subsequent  processing. 

In  all  cases,  the  Pc-antibody  conjugate  required  processing  before 
TPc9.1  cells  could  be  activated,  as  shown  by  the  inability  of  B-cells, 
fixed  with  paraformaldehyde  to  block  processing  functions,  to  act  as  APC 
(Table  2).  The  fixation  treatment  did  not  affect  the  B-cell 's  presenta¬ 
tion  capacity,  as  shown  by  the  ability  of  fixed  B-cells  to  activate  the 
TPc9.1  cells  when  provided  with  a  processed  form  of  Pc,  namely  the 
carboxyl-terminal  peptide,  residues  81-104(Pc81-104) ,  which  contains  the 
T-cell  antigenic  determinant  (Table  2).  Moreover,  the  fixation  proce¬ 
dure  does  not  appear  to  affect  the  ability  of  the  antibodies  to  bind  the 
B-cells,  as  demonstrated  using  f luorescenated  antibodies  (data  not 
shown).  This  result  may  be  taken  as  evidence  that  the  binding  and 
attachment  of  native  antigen  to  the  B-cell  surface  is  not  sufficient  to 
allow  T  cell  activation,  but  that  the  protein  antigen  must  be  further 
processed  to  a  form  which  can  be  recognized  by  the  T-cell. 


Table  2.  Pc-Antibody  Conjugates  Require  Processing  to  Activate 
TPcO.l  Cells2 


[Pc]  (uM)  Required  for  50%  Max.  Response 


APC 

Pc 

Pc8l-104 

Pc-Anti -Ie 

Pc-Anti-I-A 

Pc-Anti -K 

live 

1.0 

1.0 

0.003 

0.08 

0.04 

fixed 

>100 

1.0 

>100 

>100 

>100 

2  TPc9.1  cells(5  x  104)  were  cultured  in  0.2»1  with  purified  splenic 
B-cells(2  x  105)  either  live  or  fixed  with  paraformaldehyde  as  described 
(Casten,  et  al.,  1985)  and  graded  concentrations  of  either  Pc,  Pc8l- 
104,  or  Pc-antibody  conjugates.  The  culture  supernatants  were  tested  24 
hours  later  for  their  content  of  1L-2.  The  results  are  expressed  as  the 
concentration  of  Pc  or  Pc81-104  required  to  achieve  50%  maximal  TPc9.l 
response . 


The  increased  effectiveness  of  the  Pc-antibody  conjugates  was  not 
attributable  to  an  Increase  In  the  rate  at  which  the  native  antigen  is 
processed  to  a  form  recognized  by  T  cells.  Previous  reports  demon¬ 
strated  that  B-cells  acquire  the  ability  to  maximally  activate  TPc9.1 
cells  after  6-8  hours  incubation  with  native  Pc  (Lakey  et  al . ,  1986). 
The  presence  of  Fab  fragments  of  rabbit  anti-mouse  Ig  antibodies,  in 
addition  to  Pc,  significantly  increases  the  rate  of  this  process  in  that 
maximal  presentation  is  achieved  by  2-4  hours  (unpublished  observation). 
In  contrast,  maximal  presentation  of  the  Pc-antibody  conjugates  is 
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reached  after  6-8  hours  in  culture  and  is  indistinguishable  fro*  the 
un*odified  Pc  (see  Fig.  1). 

The  Pc-antibody  conjugates  were  not  equivalent  in  their  ability  to 
activate  TPc9.1  cells.  Pc-Anti-Ig  antibodies  were  consistently  *ore 
effective  than  Pc-Anti-I-A^  antibodies,  which  were  reproducibly  *ore 
stiaulatory  as  compared  to  Pc-Anti-K^.  The  activity  of  the  Pc-conju- 
gates  could  not  be  coapletely  accounted  for  by  the  nu*ber  of  antibody 
molecules  which  could  be  bound  to  the  B-cell  surface.  The  results  of 
binding  studies  carried  out  using  radiolabeled  antibodies,  indicated 
that  B  cells  bound  6.5  x  105  anti-Ig  antibodies,  as  compared  to  3  x  105 
anti-K^  antibodies  versus  1  x  10®  anti-I-A^  antibodies.  Thus,  the 
augmented  presentation  of  the  conjugates  does  not  appear  to  be  simply  a 
function  of  their  capacity  to  bind  to  B  cell  surfaces.  Other  factors 
which  may  influence  the  effectiveness  of  processing  and  presentation  are 
the  turnover  rate  of  the  cell  surface  structures  to  which  the  Pc- 
antibody  conjugate  is  bound  or  the  route  of  internalization  of  the  Pc- 
antibody  conjugate  once  bound  to  the  B-cell  surface. 


0  2  4  6  8  10  12  14  16  18  20 


HOURS 

Figure  1.  B-cells(2  x  10®)  were  incubated  for  varying  lengths  of  time 
with  (20uM)  Pc(  A  )  or  (0.2uM)  Pc-rabbit  anti-mouse  Ig  antibody(  ■  ), 
washed,  and  co-cultured  with  TPc9\ 1  cel  Is (5  x  104)  Supernatants  were 
removed  24  hours  later  and  assayed  for  their  TL-2  content  using  an  IL-2 
dependent  cell  line,  CTLL.  The  results  are  expressed  as  the  cpm  of 
[3H]-thyaidine  incorporated  by  the  CTLL  during  a  4  hour  pulse  of  [3HJ- 
thymidine . 


In  summary,  the  results  presented  here  demonstrate  that  antigen 
binding  to  B-cell  surface  structures  other  than  Ig  greatly  facilitates 
their  ability  to  be  presented  to  T-  cells.  The  binding  of  the  antigen  to 
B  cell  surfaces  is  not  sufficient  to  achieve  T-cell  activation,  as  the 
antigen-antibody  conjugates,  like  unconjugated  antigen,  require  antigen 
processing.  The  conjugates  described  here  should  provide  the  reagents 
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to  further  investigate  the  cellular  and  molecular  mechanism  underlying  B 
cell,  surface  Ig  mediated,  antigen  processing  and  presentation. 

This  work  was  supported  by  National  Institute  of  Health  grants 
AI18939,  AI2001  and  AI23717.  S.K.  Pierce  is  a  recipient  of  an  American 
Cancer  Society  Faculty  Research  Award  FRA  273. 
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The  helper  T-cell  recognition  of  globular  protein  antigens 
appears,  in  general,  to  require  the  intracellular  processing  of  the 
antigen  such  that  a  peptide  fragment  containing  the  T-cell 's  antigenic 
determinant  is  released,  is  transported  to  and  held  on  the  surface  of  an 
la  expressing  cell.  However,  the  molecular  details  underlying  these 
phenomena  are  largely  unknown. 

In  a  recent  report  (Lakey  et  al.,  1986a)  the  means  by  which 
antigenic  peptides  are  anchored  on  the  antigen  presenting  cell  surface 
was  Investigated.  A  peptide  binding  protein,  distinct  from  la,  was  des¬ 
cribed.  It  was  Isolated  by  Its  ability  to  bind  to  a  C-terminal,  24- 
amlno  acid  peptide  fragment  of  pigeon  cytochrome  c.  (Pc),  residues  81-104 
(Pc  81-104)  which  includes  the  major  antigenic  determinant  for  B10. A 
mouse  T  cells.  The  peptide  binding  protein,  PBP  72/74,  affinity 
purified  from  35S-methionine  labeled  cells,  appears  as  two  discrete 
bands  of  approximately  72  and  74  kD  Mr  by  SDS/PAGE.  PBP  72/74  is  eluted 
from  the  affinity  column  with  equivalent  and  relatively  high  concentra¬ 
tions  of  either  the  antigenic  pigeon  cytochrome  c_  peptide  or  the 
corresponding  non-antigenic  peptide  of  mouse  cytochrome  c.  Me  81-104. 
However,  it  does  not  bind  to  the  native  pigeon  protein  nor  the  native 
mouse  protein  even  though  the  antigenic  peptide  is  exposed  as  an  alpha 
helix  on  the  "back"  surface  of  the  protein,  and  is  available  for  binding 
by  antibodies  (Hannum,  1986).  In  this  regard,  PBP  72/74  appears  to 
recognize  some  structure  or  sequence  available  only  in  the  free  pep¬ 
tides.  That  this  protein  plays  a  role  in  antigen  presentation  is 
evidenced  by  the  ability  of  rabbit  antibodies  raised  against  it  to  block 
the  antigen  dependent  activation  of  a  Pc^specific,  I-E^-restricted  T- 
cell  hybrid  by  antigen  presenting  cells  (APC)  and  Pc.,  but  not  stimula¬ 
tion  by  the  mitogen,  concanavalin  A.  The  expression  of  PBP  72/74  is 
not  MHC  restricted  in  that  the  blocking  activity  of  the  rabbit  antisera 
can  be  absorbed  on  spleen  cells  from  both  CBA/J  (H-2k)  and  C57B1/10  (H- 
2**)  mice.  Moreover,  the  protein  is  expressed  by  a  variety  of  cells,  not 
Just  APC,  as  it  has  been  isolated  from  B-cells,  T-cells  and  fibroblasts. 
It  is  suggested  that  this  peptide  binding  protein  belongs  to  a  class  of 
molecules  which  facilitate  the  anchoring  of  processed  peptides  on  the 
cell  surface  and  may  play  a  role  in  antigen  presentation  by  facilitating 
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the  interaction  of  antigenic  peptides  with  la  and/or  the  T-cell  recep¬ 
tor  . 


The  ability  of  PBP  72/74  to  bind  to  the  antigenic  peptide  of  Pc. 
as  well  as  to  the  corresponding  non-antigenic  peptide  of  the  souse 
protein,  but  not  to  the  native  cytochroaes  c_,  is  reainlscent  of  the 
properties  of  the  cellular  system.  Thus,  when  APC  processing  functions 
are  blocked  by  gentle  paraformaldehyde  fixation,  Pc  81-104  is  capable  of 
stimulating  T-cells,  and  related  non-stimulatory  peptides  can  block  this 
activation.  However,  the  native  cytochromes  c.,  whether  antigenic  or 
not,  have  no  Influence  whatsoever.  Studies  published  elsewhere  (Lakey 
et  al.,  1986b)  have  described  this  cellular  phenomenon  in  detail. 

Briefly,  cytochromes  c  and  their  corresponding  C-terminal  fragments 
which  are  not  capable  of  stimulating  Pc_-specific  T  cells,  including  the 
autologous  Me.  81-104,  were  demonstrated  to  block  the  T-cells'  response 
to  Pc.  In  contrast,  non-stimulatory  N-terminal  peptides  of  Pc.,  which 
share  no  homology  with  the  antigenic  peptide,  and  C-terminal  peptides  of 
fewer  than  9  residues,  do  not  block.  Blocking  is  observed  when  the 
nonstimulatory  cytochromes  c.  or  peptides  are  present  in  culture  with  the 
live  APC  and  nonsaturating  concentrations  of  Pc.  and  it  can  be  overcome 
with  supraoptlmal  concentrations  of  Pc.  With  tobacco  hormworm  moth 
cytochrome  c  (THMc)  as  antigen,  a  protein  for  which  the  T-cell  has  a 
higher  functional  affinity,  the  response  of  T  cells  cannot  be  blocked  by 
the  non-stimulatory  cytochromes  c  or  by  peptides  even  when  limiting 
concentrations  of  THMc  are  used. 

A  different  cellular  phenomenon  is  observed  when  paraformalde¬ 
hyde-fixed  APC  are  employed.  No  native  cytochrome  c  can  stimulate  the  T- 
cells.  Including  THMc,  which  with  live  APC  is  effective  at  50  to  100- 
fold  lower  concentrations  than  Pc.  However,  with  fixed  APC,  the  T-cells 
are  stimulated  by  the  C-terminal  fragments  of  these  proteins,  Pc.  81-104 
and  THMc  81-103,  as  readily  and  with  the  same  relative  efficiencies  as 
the  native  proteins  presented  by  live  APC.  The  non-stimulatory  pep¬ 
tides,  but  not  the  native  cytochromes  c  block  T-cell  activation  by  Pc 
pulsed-fixed  APC,  indicating  that  the  non-stimulatory  peptides  compete 
with  the  stimulatory  pigeon  cytochrome  c.  peptides  produced  by  processing 
within  the  APC.  This  competition  appears  to  be  due  to  non-stimulatory 
peptides  which  associate  at  the  APC  surface  and  not  to  those  acting  from 
solution,  because  APC  which  have  been  incubated  with  Pc.  and  non-stimula- 
tory  peptides  and  washed  free  of  excess  antigen  and  peptides,  remain 
blocked  in  their  ability  to  stimulate  the  T-cell. 

It  was  concluded  that  the  activation  of  Pc-specific  T-cells, 
which  recognize  a  peptide  fragment  on  the  surface  of  an  APC,  can  be 
blocked  by  an  excess  of  a  non-stimulatory  homologous  peptide  which  is 
also  associated  with  the  surface  of  the  APC.  The  ability  to  block  T- 
cell  activation  does  not  appear  to  be  competition  for  processing  of  the 
native  molecule  but  may  represent  competition  for  specific  peptide 
binding  sites  on  the  APC,  such  as  PBP  72/74,  or  on  the  T-cell  receptor. 

If  all  protein  antigens  must  ultimately  be  fragmented  or  dena¬ 
tured  to  allow  their  recognition  by  T-cells  on  APC  surfaces,  then  the 
peptide  anchoring  machinery  of  APC  must  be  capable  of  binding  a  diverse 
set  of  peptides.  To  determine  the  range  of  peptides  which  can  bind  to 
PBP  72/74,  advantage  was  taken  of  the  antigen,  staphylococcal  nuclease 
(Nase).  A  series  of  overlapping  20-amino  acid  peptides  corresponding  to 
and  spanning  nearly  the  length  of  the  entire  149  residue  chain  have  been 
synthesized  and  used  by  Finnegan  et  al .  (1986)  to  examine  the  fine 
specificity  of  mouse  T-cell  response  to  Nase.  Although  each  peptide 
fragment  of  the  bacterially  derived  Nase  has  the  potential  to  be 
antigenic,  by  virtue  of  it  having  no  obvious  homolog  in  mice,  an 
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Table  I.  Amino-acid  sequence  of  selected  peptides  and  their  effect  on 
Pc-specific  T-cell  activation. 


stis.a)  blockb>  MHCc ) 


Pc. 

81-104 

I 

F 

A 

G 

I 

K 

X 

X 

A 

E 

R 

A 

D 

L 

I 

A 

Y 

L 

X 

Q 

A 

T 

A  K 

- 

I-Ek 

THUS.  81-103 

V 

F 

A 

G 

L 

K 

K 

A 

N 

E 

R 

A 

0 

L 

I 

A 

Y 

L 

X 

Q  A 

T 

X 

- 

I-Ek 

MSI 

81-104 

I 

F 

A 

G 

I 

K 

K 

X 

G 

E 

R 

A 

D 

L 

I 

A 

Y 

L 

X 

X 

A 

T 

N  E 

- 

+ 

- 

M£_  66-80 

E 

Y 

L 

E 

N 

P 

K 

X 

Y 

I 

P 

G 

T 

X 

M 

- 

- 

- 

Nase 

1-20 

A 

T 

S 

T 

K 

K 

L 

H 

X 

E 

P 

A 

T 

L 

I 

X 

A 

I 

D 

G 

- 

- 

- 

Nase 

11-30 

P 

A 

T 

L 

I 

K 

A 

I 

D 

G 

D 

T 

V 

X 

L 

M 

Y 

X 

G 

Q 

- 

- 

- 

Nase 

41-60d> 

T 

P 

G 

T 

K 

H 

P 

X 

X 

G 

V 

E 

X 

Y 

G 

P 

E 

A 

S 

A 

- 

- 

- 

Nase 
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V 

E 

K 

Y 

G 

P 

E 

A 

S 

A 

F 

T 

X 

X 

M 

V 

E 

N 

A 

K 

- 

- 

I-Ek 

Nase 
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N 

V 

E 
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X 

I 

E 
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E 

F 

D 

X 

G 

Q 
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+ 
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a)  A  plus  indicates  that  the  Pc_-specific  T-cell  hybrid.  TPc9.1,  is 
activated  to  produce  IL-2  when  incubated  with  either  the  native 
protein  or  the  peptide  fragment  shown.  A  minus  indicates  that  the 
peptide  is  not  stimulatory  at  concentrations  as  high  as  250uM. 

b)  A  plus  indicates  that  the  peptide  blocks  the  TPc9.1  response  to  Pc- 
pulsed  APC.  A  minus  indicates  that  it  does  not  block  at  concentra¬ 
tions  in  excess  of  lOOuM.  If  the  peptide  has  been  demonstrated  to 
serve  as  a  T  cell  antigen,  its  MHC  restriction  is  indicated.  A  minus 
indicates  that  the  peptide  has  not  yet  been  demonstrated  to  act  as  a 
T-cell  antigen. 

c)  It  is  not  possible  to  measure  a  blocking  effect  of  peptides  which  are 
stimulatory. 

d)  Nase  21-40  is  not  soluble  and  Nase  31-50  is  lytic  to  mouse  lympho¬ 
cytes,  thus  these  peptides  could  not  be  examined  in  this  system. 
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exhaustive  survey  identified  only  three  peptides  as  T-cell  antigens. 

This  finding  suggested  that  the  aere  presence  of  a  potential  antigenic 
determinant  is  not  sufficient  to  create  a  T-cell  antigen  from  a  native 
protein.  Furtheraore,  the  MHC  haplotype  of  the  mouse  strain  employed 
predicted  which  of  the  three  peptides  would  be  antigenic.  This  panel  of 
Nase  peptides  were  tested  for  their  ability  to  block  the  activation  of 
PC'-specific  T-cells.  Among  the  twelve  Nase  peptides  tested,  three  were 
found  to  block  the  response  of  a  Pc.-specific  T-cell  hybrid  to  Pc^pulsed 
APC  (Table  I).  Two  of  the  three  blocking  peptides  were  among  those 
previously  identified  as  T-cell  antigens,  both  in  the  context  of  I-A^, 
while  only  one  of  the  nine  peptides  which  were  not  T-cell  antigens, 
resulted  in  blocking.  Thus  there  may  be  a  correlation  between  the 
peptides'  ability  to  be  a  T-cell  antigen  and  to  block  the  response  of 
Pc.-speclfic  T-cells.  This  suggests  a  common  mechanism  for  antigen 
presentation,  presumably  involving  some  unknown  primary  or  secondary 
structural  features  of  the  peptides. 

Neither  of  the  Nase  peptides  which  ate  recognized  in  the  context 
of  I-E^,  Nase  81-100  and  Nase •  51-70,  block  the  Pc.-speclfic ,  I-E^  res¬ 
tricted  T  cell  from  respoqdrng  to  Pc.  The  lack  of  correlation  between 
the  ability  of  a  peptide  to  block  and  its  MHC  restriction  suggests  that 
the  blocking  phenomenon  is  not  due  to  competition  for  binding  to  la. 

The  present  data  also  indicate  that  the  ability  of  the  Nase  peptides  to 
block  does  not  reflect  their  potential  to  generate  a  response  in  the 
context  of  the  I-E  molecule  as  compared  to  the  I-A  molecule.  Experi¬ 
ments  are  in  progress  to  examine  the  binding  of  these  peptides  to  PBP 
72/74.  If  blocking  the  Pc  response  is  found  to  correlate  with  binding 
to  PBP  72/74,  this  would  further  indicate  that  PBP  72/74  is  involved  in 
a  mechanism  which  allows  certain  peptides  of  globular  protein  antigens, 
produced  by  antigen  processing,  to  be  expressed  on  the  APC  surface  for 
effective  T-cell  activation. 

This  work  was  supported  by  NIH  grants  AI  18939,  AI  12001,  AI  23717 
and  GM  19121.  E.  K.  Lakey  was  supported  by  USPHS  training  grant  GM 
80861.  J.  A.  Smith  was  supported  by  a  grant  from  Hoechst  Aktiengesell- 
schaft.  S.  K.  Pierce  was  a  recipient  of  an  American  Cancer  Society 
Faculty  Research  Award  FRA  273. 
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INTRODUCTION 

The  establishment  of  antigen  specific  T-cell  clones  of  murine  and 
human  origins  and  the  means  for  propagating  them  for  prolonged  periods 
in  vitro  facilitated  several  kinds  of  investigations  such  as  T-cell  het¬ 
erogeneity  and  functional  repertoires  with  regard  to  immunoregulatory 
and  effector  activities,  the  characterization  of  the  molecular  nature  of 
the  T  cell  receptor  and  the  nature  of  T-cell  collaborations  with  other 
cell  types  for  the  generation  of  inrnune  reactions  (Mazes  and  Apte, 
1986). 

Most  of  the  information  an  the  functional  requirements  for  T-cell 
cellular  interactions  were  performed  with  proliferating  T-cell  clones 
(Fathman  and  Kimoto,  1981;  Sredni  and  Schwartz,  1981),  however  little 
information  has  been  available  on  the  mechanism  of  T-B  cell  collabora¬ 
tions  leading  to  antibody  responses,  and  the  nature  of  the  regulatory 
role  of  T  helper  cells  and  the  physiological  significance  of  their  anti¬ 
gen  specific  secreted  factors  are  still  awaiting  their  elucidation 

Synthetic  polypeptide  antigens  as  well  as  their  ordered  defined 
analogues  have  contributed  significantly  to  our  knowledge  and  under¬ 
standing  of  the  cellular  events  associated  with  immune  phenomena 
(McDevitt  and  Sela,  1965;  Mozes,  1975;  Mozes  and  Apte,  1986).  It  thus 
appeared  that  T  cell  lines  and  clones  specific  to  synthetic  polypeptide 
antigens  with  distinct  biological  activities  should  provide  the  appro¬ 
priate  tool  for  the  understanding  of  the  mechanism  of  T  cell  functions 
and  for  the  comparison  of  the  requirements  for  the  generation  of  the 
different  immunological  reactions. 

The  role  of  anti-idiotypic  antibodies  in  the  regulation  of  immune 
responses  has  been  shewn  in  different  antigenic  systems  (Eichman  and 
Rajewsky,  1975;  Sy  et  al . ,  1980;  Strassmann  et  al.,  1980;  Lifshitz  et 
al. ,  1981;  Weissberger  et  al.,  1983;  Rajewsky  and  Takemori,  1983).  The 
effect  of  anti-idiotypic  antibodies  on  helper  T  cell  induction  or  sup- 
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pressian  (Rajewsky  and  Takamori,  1983)  has  been  demonstrated  as  well. 
However,  the  information  cn  the  characteristics  of  anti  -  idicrtype  stimu¬ 
lated  T  cells,  their  mechanism  of  action  and  capacity  to  recognize  the 
original  antigen,  is  very  limited.  The  development  of  T-  cell  clones 
specific  to  monoclonal  anti -idiotypic  antibodies  against  idiotypes  to  a 
well  characterized  antigenic  system,  is  the  direct  approach  to  this 
problem. 

The  antigenic  system  of  the  well  characterized  multichain  synthetic 
polypeptide  antigen  poly(  Tyr ,  Glu )  -poly  ( DLALA ) — poly(Lys)  abbreviated  as 
(T,G)-A — L  (Sela  et  al. ,  1962),  its  closely  related  analogues  (Fuchs  and 
Sela,  1964;  Mozes  et  al. ,  1974),  monoclonal  antibodies  (idiotypes) 
against  it  (Parhami-Seren  et  al. .  1983,  1984)  and  the  anti-idiotypic 
antibodies  (polyclonal,  Axelrod  et  al.,  1985b)  or  monoclonal)  produced 
against  it  appeared  to  be  ideal  for  studies  aimed  at  the  elucidation  of 
the  above  raised  problems. 

T-CELL  LINES  AND  CLONES  SPECIFIC  TO  (T,G)-A — L 

In  the  past  we  established  and  characterized  T-cell  helper  lines 
specific  to  (T,G)-A — L.  These  antigen  specific  helper  T-cell  lines  were 
constitutive  secretors  of  T-cell  helper  factors  which  were  partially 
purified  and  analysed  as  the  representatives  of  the  T-cell  recognition 
units  (Apte  et  al.,  1981,  Lifshitz  et  al.,  1983).  To  understand  better 
the  mechanism  by  which  T- cells  interact  with  other  cell  populations  for 
the  elucidation  of  Immune  reactions  we  have  further  established  T-cell 
lines  which  possess  (T,G)-A — L  specific  proliferative  and  helper  activi¬ 
ties  and  secrete  IL-2  following  stimulation  with  antigen  (Axelrod  and 
Mozes,  1986). 

TWO  (T,G)-A — L  specific  T-cell  lines  were  developed  from  (T,G)-A — L 
immunized  C3H.SW  (H-2  ,  high  responser)  lynph  modes.  The  two  lines  pro¬ 
liferated  efficiently  upon  stimulation  with  (T.G)-A — L.  The  prolifera¬ 
tive  responses  were  H-2  restricted  as  only  H-2b  spleen  cells  or  hcmoge- 
necus  thymic  derived  macrophages  could  present  (T,G)-A — L  to  the 
proliferating  cells  (Axelrod  et  al.,  1985a).  Che  of  the  lines  desig¬ 
nated  TPB1  was  very  restricted  in  the  specificity  of  its  response  and 
proliferated  only  in  the  presence  of  (T,G)-A — L.  The  second  line,  TPB2, 
on  the  other  hand,  shewed  a  broader  specificity  and  proliferated  follow¬ 
ing  stimulation  with  the  random  polypeptide  poly 
( Phe, Glu ) -poly ( DLAla ) — poly(Lys),  (Phe,G)-A — L,  with  the  ordered  syn¬ 
thetic  antigen  ^Tyr-Glu-Tyr-Glu) -poly (DLAla) — poly(Lys)  (T-G-T-G)-A — L 
and  to  a  lesser  degree  with  (Tyr-Tyr-Glu-Glu) -poly (DLAla) — poly(Lys), 
(T-T-G-G)-A — L.  It  should  be  noted  that  antibodies  elicited  with 
(T,G)-A — L  cross-reacted  to  a  very  limited  extent  with  (T-G-T-G)-A — L  in 
contrast  to  their  high  cross  reactivity  with  (T-T-G-G)-A — L  (Mozes  et 
al. ,  1974).  It  appears  that  the  fine  specificity  of  (T,G)-A — L  specific 
antibodies  is  not  identical  to  that  of  (T,G)-A — L  specific  T  cells. 

The  T-cell  lines  provided  efficient  help  to  (T,G)-A — L  stimulated  B 
cells  of  C3H.SW  origin  in  an  in  vitro  antibody  production  system. 
Antibody  responses  were  determined  in  culture  supernatants  by  a  solid 
phase  radioimmunoassay.  Figure  1  represents  the  (T,G)-A — L  specific 
responses  obtained  with  the  TPB1  T  cells.  As  can  be  seen  at  the  optimal 
antigen  dose  3.68  wg/ml  (T,G)-A — L  specific  antibodies  were  produced 
(Fig.  1), 
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Enriched  (T,G)-A — L  immunized  B- cel Is  (0.5  x  10®)  were  cultured  with  10^ 
TPB1  T  cells  and  antigen  presenting  cells  in  the  presence  of  different 
doses  of  (T,G)-A — L  (• — •,  o— o),  or  RSA  (A— A,  A— A)  for  8  days. 
Supernatants  diluted  1:40  were  assayed  far  anti-(T,G)-A — L  antibodies  in 
a  solid  phase  radioimmunoassay.  Results  are  expressed  as  cpn  (mean  + 
SD,  m~m.  A— A)  or  ug  antibodies/ml  (o— o,  A — a). 

in  comparison  to  0.3  ug/ml  determined  in  supernatants  of  cultured  mix¬ 
tures  of  immunized  spleen  and  lynph  node  cells  (data  not  shewn).  No 
significant  antibody  responses  were  triggered  with  the  non-relevant 
antigen-rabbit  senm  albumin  (RSA). 


0  000)  001  01 


jug  Antigen /well 

Fig.  1.  In  vitro  anti-(T,G)-A — L  response  induced  with  the  help  of  TPB1 
T-cells. 


The  same  fine  specificity  observed  for  the  proliferative  responses 
of  the  two  T  cell  lines  could  be  observed  for  their  helper  activity. 
Thus,  TFB1  T  -  cells  could  provide  help  only  in  the  presence  of 
(T,G)-A — L,  the  original  stimulating  antigen,  whereas  TPB2,  T-cells 
reacted  with  synthetic  polypeptide  antigens  closely  related  to 
(T,G)-A — L.  Although  restricted  for  stimulation,  TPB1  cells  could  col¬ 
laborate  with  (Phe,G)-A — L  primed  B  cells  for  antibody  production. 
However,  the  latter  response  could  be  obtained  only  when  (T,G)-A — L  was 
present  in  the  culture  as  shown  in  Table  1. 
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Table  1.  Ctollabarati.cn  of  TPB1  cells  with  (Phe,G)-A — L  immunized  B- 
cells. 


^\Antigen 

Cells 

- 

(T,G)-A— L 

(Phe,G)-A — L 

RSA 

Primed  B 

cells  +  AFC 

5768 

+  86 

4713  +  209 

5031  +  113 

4385  +  273 

Primed  B 

cells  +  APC 

4298 

+  10 

16431  +  21 

5287  +  323 

5827  +  33 

+  TPB1 

Enriched  (Phe,G)-A — L  immunized  B  cells  (0.5x10®)  were  cultured  with  104 
TPB1  cells  and  antigen  presenting  cells  in  the  presence  of  0.01  «g/well 
antigen  for  8  days.  Culture  supernatants  were  assayed  for 
anti-(T,G)-A — L  antibodies  in  a  solid  phase  radioimmunoassay .  Results 
are  expressed  as  mean  +  SD. 


It  should  be  noted  that  although  TPB1  provided  help  to  (T,G)-A — L 
or  (Phe,G)-A — L  primed  B  cells  only  in  the  presence  of  (T,G)-A — L,  the 
antibodies  produced  cross-reacted  with  the  closely  related  synthetic 
polypeptides  as  demonstrated  for  in  vivo  elicited  antibodies  (MCDevitt 
and  Chinitz,  1969). 

Since  the  TPB2  T-cell  line  exhibited  several  biological  activities 
and  cross-reacted  with  polypeptides  closely  related  to  (T,G)-A — L,  it 
has  been  a  suitable  source  far  Clones  which  enabled  the  determination  of 
the  specificity  and  functional  potential  of  monoclonal  T-cells.  Mainly 
two  types  of  T-oell  clones  were  obtained  from  the  TPB2,  T-cell  line; 
high  proliferative  cells  with  weak  helper  activity,  and  efficient  helper 
T-  cells  with  low  proliferative  capacity.  Among  the  proliferative  T 
cells  we  could  distinguish  between  those  that  proliferated  in  the  pres¬ 
ence  of  (T,G)-A — L  only  and  between  clones  that  required  the  addition  of 
10%  of  Concanavalin  A  (Con  A)  supernatant  to  the  antigen  for  their  pro¬ 
liferative  responses.  Table  2  demonstrates  the  proliferative  responses 
of  representative  clones  belonging  to  the  different  groups.  It  should 
be  noted  that  clones  like  C.28  (efficient  helpers)  did  not  proliferate 
well  even  in  presence  of  the  Con  A  supernatant. 

Table  3  shows  the  helper  activity  of  2  clones  C.4  and  C.28.  As  can 
be  se@n  C.4  which  proliferated  efficiently  in  the  presence  of  (T,G)-A — L 
was  not  capable  of  collaborating  with  (T,G)-A — L  immunized  B -cells  far 
the  production  of  specific  antibodies.  In  oontrast,  C.28  which  prolif¬ 
erated  poorly  when  triggered  with  (T,G)-A — L  helped  efficiently  B  cells 
in  the  process  of  the  induction  of  (T,G)-A — L  specific  antibodies.  It 
is  not  clear  whether  the  clones  with  the  distinct  functions  originated 
from  cells  already  committed  to  one  of  the  above  functions,  or  that  they 
were  cloned  at  a  specific  stage  of  differentiation  that  enabled  them  to 
efficiently  perform  just  one  function. 
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Table  2.  Proliferative  capacity  of  TPB2  T  cell  line  derived  clones. 


Antigen 

Clones 

- 

(T,G)-A — L 

C.l 

C.l  with  10%  Con  A 

100  + 

50 

800+100 

Supernatant 

2000  + 

100 

32000  +  3000 

C.4 

280  + 

44 

25200  +  1800 

C.28 

353  + 

10 

839  +  59 

Cells  of  the  individual  clones  (10^)  were  cultured  with  0.5  x  10^  synge¬ 
neic  Irradiated  spleen  cells  in  the  presence  of  100  ug  antigen.  At  the 
end  of  48  hr  incubation  period  0.5  */Ci  of  [^H]  thymidine  was  added. 
Sixteen  hr  later  cells  were  harvested  and  radioactivity  was  counted. 
Results  are  expressed  as  mean  cpm  of  triplicates  +  SD. 

It  is  noteworthy  that  the  requirements  far  T-cell  proliferation  and  for 
induction  of  helper  activity  are  different.  Thus,  T-oell  proliferation 
requires  1000-10000  times  more  (T,G)-A — L  than  helper  induction,  indi¬ 
cating  differences  in  the  mechanisms  leading  to  these  reactions. 

Since  the  TPB2  line  proliferated  in  the  presence  of  (T,G)-A — L, 
(Phe,G)-A — L,  (T-G-T-G)-A — L  and  to  a  lesser  extent  (T-G-T-G)-A — L,  it 
was  of  interest  to  find  out  whether  a  single  clone  will  respond  to  more 
than  one  antigen.  Table  4  summarizes  the  fine  specificity  of  the  pro¬ 
liferative  response  of  6  clones.  A  variety  of  patterns  of  proliferative 
responses  oould  be  observed.  Whereas  clones  4,  13  and  32  proliferated 
to  (T,G)-A — L  only,  clones  2  and  19  proliferated  to  (Phe,G)-A — L  and 
(T-G-T-G)-A — L  as  well  and  clone  8  proliferated  to  (T-G-T-G)-A — L  and 
weakly  to  (T-T-G-G)-A — L  in  addition  to  its  proliferative  response  to 


Table  3.  Helper  activity  of  TFB2  derived  T-cell  clones 


Clone 

- 

(T,G)-A — L  iig/well 

0.001  0.01 

0.1 

C.28 

6000  + 

550 

12780  +  320 

28800  +  1660 

22775  + 

830 

C.4 

555  + 

25 

1110  +  87 

890  +  35 

975  + 

120 

Enriched  (T,G)-A — L  immunized  B-cells  (0.5xl06)  were  cultured  together 
with  antigen  presenting  cells,  10^  T  cells  of  the  clones,  and  different 
concentrations  of  antigen.  Supernatants  of  the  cultures  were  assayed 
for  anti-(T,G)-A — L  antibodies  in  a  solid  phase  radioimmunoassay. 
Results  are  expressed  as  mean  cpn  +  SD. 
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(T,G)-A — L.  It  thus  spears  that  one  clone  is  capable  of  reacting  with 
cross  reactive  antigenic  determinants.  The  recognition  of  more  than  one 
specificity  by  monoclonal  T  cells  has  been  reported  previously  (Ben-Nun 
et  al. .  1983;  Leeman  and  Cantor,  1983). 

IL-2  secretion  by  a  variety  of  T  cell  lines  and  clones  as  a  result 
of  antigenic  stimulation  has  been  reported  in  many  systems  that  were 
studied  (Kappler  et  al.,  1981;  Kelso  and  Glasebrook,  1984). 
Furthermore,  the  ability  to  produce  IL-2  upon  a  specific  antigenic  stim¬ 
ulation  has  been  frequently  used  as  a  measurement  far  helper  activity. 
Since  the  TPB1  and  TPB2  T  cell  lines  were  found  to  secrete  IL-2,  it  was 
of  interest  to  find  out  whether  all  the  clones  have  the  capacity  to 
secrete  IL-2  and  whether  IL-2  secretion  correlates  with  the  other  func¬ 
tions  of  the  clones.  All  the  clones  tested  secreted  different  levels  of 
IL-2  following  stimulation  with  (T,G)-A — L.  However,  no  direct  correla¬ 
tion  was  found  between  the  efficiency  of  IL-2  secretion  and  either  the 
helper  or  proliferative  capacity  of  the  T-cell  clones.  We  thus  con¬ 
cluded  that  IL-2  secretion  cannot  be  used  as  a  measure  for  T-cell  func¬ 
tions. 


H-2  RESTRICTION  REQUIREMENTS  FOR  PROLIFERATIVE  AND  HELPER  RESPONSES 

Most  of  the  information  on  H-2  restriction  in  cellular  collabora¬ 
tions  of  T  cells  have  been  provided  on  the  interactions  between  T  cells 
and  antigen  presenting  cells  (APC)  leading  to  T-cell  proliferation 
(Fathman  and  Kimoto,  1981,  Sredni  and  Schwartz,  1981).  Studies  with  T- 
oell  clones  of  El  origin  led  to  the  most  interesting  results  since  their 
use  enabled  the  demonstration  that  different  T- cel  Is  could  recognize  a 
soluble  antigen  with  different  la  determinants.  The  information  on  the 
H-2  restriction  of  the  T-B  collaboration  in  the  process  of  antibody  pro¬ 
duction  is  very  limited  because  of  the  complexity  of  this  process  and 
the  lack  of  appropriate  assay  systems.  Since,  as  described  above,  we 
established  an  in  vitro  system  by  which  we  oculd  evaluate  the  helper 
capacity  of  single  T-cell  clones  specific  for  (T,G)-A*-L,  we  have  devel¬ 
oped  cloned  T- cells  of  (C57BL/6  x  C3H/HeJ)Fl,  (H-2b  x  H-2R)F1  origin 
specific  to  the  closely  related  polypeptide  (Phe,G)-A — L  to  which  both 
the  H-2°  and  H-2k  mice  are  high  responders.  These  clones  were  used  for 
the  comparison  of  the  genetic  restriction  of  the  collaboration  between  T 
and  B  cells  to  the  H-2  restriction  of  the  interaction  between  T- cel  Is 
and  APC  which  leads  to  proliferation. 

The  genetic  restriction  of  the  proliferative  responses  of  the  FI 
derived  clones  was  similar  to  that  reported  previously  (Kimoto  and 
Fathman,  1981).  Thus  3  kinds  of  clones  differing  from  each  other  in 
their  H-2  restriction  were  observed.  Cne  group  of  clones  was  found  to 
be  restricted  to  the  H-2“  haplotype  and  they  proliferated  when  antigen 
was  presented  on  H-2 ,  or  (H-2 ,  x  H-2k)Fl  APC.  The  clones  of  the  second 
class  were  restricted  to  the  H-2*  haplotype  in  their  proliferative 
response  and  the  clones  in  the  third  group  were  restricted  to  determi¬ 
nants  of  the  FI  hybrid  (H-2°  x  H-2*),  and  thus  proliferated  in  the  pres¬ 
ence  of  antigen  presented  cn  APC  of  the  FI  hybrid  exclusively.  The 
(Phe,G)-A — L  specific  T  cell  clones  were  also  tested  for  their  ability 
to  secrete  IL-2  upon  antigenic  stimulation.  The  same  H-2  restriction 
demonstrated  for  the  proliferative  responses  was  observed  for  IL-2 
secretion. 
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Two  of  the  T-oell  clones  that  manifested  weak  proliferative  respon¬ 
ses  were  found  to  provide  efficient  help  for  antibody  production.  This 
finding  is  in  agreement  with  our  above  described  observation  that 
(T,G)-A — L  specific  helper  T  cell  clones  had  a  low  potential  to  prolif¬ 
erate  in  response  to  antigen.  One  of  these  clones  was  restricted  in  its 
proliferative  response  to  FI  APC  exclusively.  However,  it  could  help  in 
the  presence  of  (Phe,G)-A — L  immunized  B-cells  and  APC  of  C3H/HeJ  (H-2*) 
in  addition  to  the  help  provided  to  B-cells  of  FI  origin.  The  second 
clone  was  restricted  to  H-2b  APC  in  its  (Fhe,G)-A — L  specific  prolifera¬ 
tive  response.  However  it  could  provide  help  to  (Phe,G)-A — L  primed  B- 
cells  of  H-2  ,  H-2*  and  FI  origin  (Axelrod  and  Mozes,  1986).  It  thus 
appears  that  the  H-2  restriction  requirements  for  the  successful  collab¬ 
oration  between  T- cel  Is  and  B-cells  are  less  stringent  than  those  for 
the  T-APC  interaction.  The  stringent  H-2  restriction  and  the  high  dose 
of  antigen  required  for  the  proliferative  responses  indicate  that  for 
the  triggering  of  proliferation  a  stronger  interaction  between  the  cells 
is  necessary. 

(T,G)-A — L  SPECIFIC  HELPER  T-CELL  FACTORS 

Antigen  specific  regulatory  T-oell  factors  that  are  thB  product  of 
effector  T-cells  (Tada  and  Okumura,  1979;  Mozes  and  Apte,  1986)  provide 
an  ideal  tool  for  studies  aimed  at  the  understanding  of  the  events 
occurring  when  T-cells  are  activated  on  one  hand,  and  in  the  collabora¬ 
tion  between  T-cells  and  B-cells  cn  the  other  hand.  Both  the  TPBl  and 
TPB2,  (T,G)-A — L  specific  T-cell  lines  were  found  to  secrete,  upcn  stim¬ 
ulation  with  antigen,  T  cell  helper  factors  which  could  provide  help  to 
immunized  B  cells  in  the  process  of  antibody  production.  The  lines 
could  be  stimulated  to  produce  the  factors  by  a  low  dose  of  antigen  -  2 
wg/ml  as  well  as  by  a  high  antigen  dose  of  150  «g/ml.  However,  as  dem¬ 
onstrated  with  factors  produced  by  the  TPBl  T  cell  line,  the  factors 
induced  by  the  low  dose  of  antigen,  shown  in  Figure  2,  were  very 
restricted  and  provided  help  just  in  the  presence  of  (T,G)-A — L,  like 
the  secreting  T-cell  line. 


In  contrast,  the  factors  induced  by  the  high  dose  of  antigen  had  a 
broader  specificity  and  helped  also  in  the  presence  of  closely  related 
polypeptides  such  as  (Pbe.G)-A — L.  The  secretion  of  the  factors  by  the 
T  cells  did  not  require  their  proliferation  since  no  proliferation  of 
the  TPBl  T-cells  was  observed  at  a  concentration  of  2  «g/ml  (T,G)-A — L. 
This  dose  of  antigen  could  not  stimulate  the  secretion  of  IL-2  by  the 
TPBl  cells  as  well. 

The  (T,G)-A — L  specific  T-cell  clones  derived  from  the  (T,G)-A — L 
specific  T  cell  line,  TFB2,  were  found  to  secrete  antigen  specific 
helper  factors.  Representative  results  of  2  clones  are  demonstrated  in 
Table  5.  All  the  tested  clones  were  found  to  secrete  helper  factors 
including  clones  which  their  helper  activity  was  very  weak  and  could  be 
detected  only  when  105  rather  105  helper  cells  were  used  (C.2  Table  5). 
The  latter  findings  suggest  a  physiological  role  far  the  antigen  spe¬ 
cific  T  cell  helper  factors. 
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Fig.  2.  The  fine  antigenic  specificity  of  the  low  dose  antigen  induced 
helper  factor  of  TPB1. 


Cells  (3xl06)  of  the  TPB1  T-cell  line  were  incubated  for  24  hr  in 
enriched  medium  supplemented  with  2  «g/ml  (T,G)-A — L  in  the  presence  of 
irradiated  syngeneic  spleen  cells.  The  cells  were  then  washed  and  incu¬ 
bated  in  enriched  medium  for  an  additional  period  of  48  hr.  Thereafter 
cells  were  spun  dcwn  and  the  supernatants  were  collected  and  tested  for 
helper  activity.  Enriched  (T,G)-A — L  immunized  B- cells  were  cultured 
with  the  TPBl  derived  helper  factors  (diluted  1:4).  culture  were  set  ip 
in  the  presence  of  APC  and  different  concentrations  of  (T,G)-A — L 

(•——•)  or  (Phe,G)-A — L  (o - o).  Supernatants  of  the  cultures  were 

assayed  for  anti-(T,G)-A — L  antibodies  in  a  solid  phase  radioimmunoas¬ 
say.  Results  are  expressed  as  mean  cpm  +  SD. 

The  helper  T-cell  factors  were  H-2  restricted  in  their  collabora¬ 
tion  with  the  B-cells  and  interacted  successfully  with  syngeneic  B  cells 
only.  However,  in  contrast  to  the  T  cells  which  required  APC  for  their 
helper  activity,  the  secreted  factors  oculd  collaborate  successfully 
with  syngeneic  immunized  B-cells  for  antibody  production  in  the  absence 
of  detectable  APC.  This  difference  between  the  helper  cells  and  the 
helper  factors  might  be  due  to  the  fact  that  the  factors  are  the  final 
product  of  the  activated  T- cells,  while  the  APC  are  required  for  the  T- 
cell  activation.  Alternatively,  it  is  possible  that  the  function  of  the 
APC  in  T-B  collaboration  is  a  supply  of  factors  which  are  necessary  for 
B  cell  differentiation  and  maturation.  As  the  helper  factors  are  the 
product  of  interactions  between  T- cells  and  APC  the  supernatants  con¬ 
taining  the  antigen  specific  factors  might  include  also  the  other  non¬ 
specific  factors  required.  It  was  indeed  reported  recently  that  APC  can 
be  replaced  by  Con  A  supernatants  in  the  secondary  low  dose  T-dependent 
antibody  responses  in  vitro  (Ishihara  et  al. ,  1986). 
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Table  5.  The  ability  of  T-oell  clcnes  to  secrete  antigen  specific  T- 
cell  helper  factors. 


Clone 

No. 

- 

Helper  cells 

(T,G)-A — L 

Helper  factor 
(T,G)-A — L 

C.2 

C.34 

644 

2258 

+  24 
+  70 

3944  +  196 
20702  +  118 

209  +1 
3844  +  54 

3000  +  98 
7838  +  372 

Enriched  (T,G)-A — L  immunized  B- cel  Is  were  cultured  with  APC,  (T,G)-A — L 
(0.01  «g/well)  and  either  T- cells  of  the  clcnes  (105  cells  of  C.2  and 
104  cells  of  C.34 )  or  their  derived  helper  factors.  Supernatants  of  the 
cultures  were  assayed  for  anti-(T,G)-A — L  antibodies  in  a  solid  phase 
radioimmunoassay.  Results  are  expressed  as  mean  cpm  +  SD. 

Sane  of  the  T  cell  factors  secreted  by  the  TPBl  T-  cell  line  or  by 
the  T  cell  clcnes  were  inefficient  in  the  triggering  of  B-  cells  for 
antibody  production.  It  was  found  that  Cion  A  supernatants  could  restore 
the  activity  of  the  inefficient  helper  factors.  In  an  attempt  to  find 
out  whether  IL-2  was  the  active  factor  in  the  Con  A  supernatant,  we  have 
used  recombinant  IL-2  (r-IL-2)  for  restoring  the  activity  of  an  ineffi¬ 
cient  helper  factor.  We  have  demonstrated  that  an  inactive  factor  prep¬ 
aration  together  with  r-IL-2  which  by  itself  had  no  helper  activity 
induced  (T,G)-A — L  specific  antibody  responses.  It  thus  appears  that 
far  successful  triggering  of  B  cells  for  antibody  production  a  non-spe¬ 
cific  signal,  provided  by  IL-2,  is  required  in  addition  to  the  specific 
signal  provided  by  the  antibody  specific  T  cell  factors. 

T-CELL  LINES  AND  CLONES  SPECIFIC  TO  MDNXLONAL  ANTI -IDIOTYPIC  ANTIBODIES 

Despite  the  availability  of  monoclonal  anti-idiotypic  reagents  and 
the  know-how  of  establishing  cloned  T-cell  lines,  little  information  has 
been  accumulated  cn  the  specificity  and  mode  of  interaction  with  other 
cells  of  anti-idiotype  stimulated  T  -  cells.  To  this  end  we  have 
attempted  the  production  of  monoclonal  anti-idiotypic  antibodies  against 
monoclonal  antibodies  to  the  synthetic  polypeptide  (T,G)-A — L.  The 
monoclonal  idiotypes  used  for  the  production  of  the  anti-idiotypic  anti¬ 
bodies  -  McAbl03,  were  demonstrated  to  express  the  major  idiotypes  of 
conventional  (T,G)-A — L  specific  antibodies  ( Parhami-Seren  et  al. ,  1983, 
1984).  As  a  result  of  two  fusion  experiments  performed  with  C57BL/6 
derived  spleen  cells  immunized  with  McAbl03,  9  monoclonal  anti-idiotypic 
antibodies  were  obtained  that  bound  specifically  McAbl03.  The  mono¬ 
clonal  anti-idiotypes  were  all  of  the  IgM  isotype  and  varied  in  their 
capacity  to  bind  conventional  (T,G)-A — L  specific  antibodies  of  C3H.SW 
origin.  One  of  the  monoclonal  anti-idiotypic  antibodies,  McAbA-6,  that 
bound  efficiently  McAbl03  and  cross-reacted  the  best  with  polyclonal 
(T,G)-A — L  specific  antibodies  produced  in  C3H.SW  mice  was  chosen  for 
attempts  to  establish  a  T  cell  line  and  clones.  The  T  cell  line,  TA-6, 
established  from  McAhA-6  immunized  lymph  nodes  of  C3H.SW  mice  is  main¬ 
tained  in  culture  in  medium  containing  10%  Con  A  supernatant  and  is 
periodically  stimulated  (every  14-18  days)  with  McAhA-6.  The  T-cell 
line  proliferated  efficiently  and  specifically  when  triggered  with 
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McAhA-6.  A  low  but  significant  proliferation  could  be  obtained  in  pres¬ 
ence  of  (T,G)-A — L.  These  results  suggest  a  cross  reaction  on  the  level 
of  recognition  between  tha  anti  -  idiotypes  and  (T,G)-A — L. 

It  was  of  interest  to  find  out  whether  the  TA-6  T  cells  could  collab¬ 
orate  with  (T,G)-A — L  primed  B- cells  for  the  production  of  (T,G)-A — L 
specific  antibodies.  It  was  reproducibly  shown  that  the  TA-6  T  cell 
line  could  help  (T,G)-A — L  immunized  B  cells  for  the  production  of 
(T,G)-A — L  specific  antibodies  in  the  presence  of  either  (T,G)-A — L  or 
McAhA-6  in  the  culture. 

Since  the  TA-6  T  -  cell  line  receptors  were  shewn  to  recognize 
(T,G)-A — L,  the  cloning  of  the  TA-6  line  was  performed  in  presence  of 
either  the  anti-idiotypic  antibodies  McAbA-6  used  for  the  stimulation  of 
the  line  or  in  the  presence  of  (T,G)-A — L.  When  the  T-cell  clones  were 
tested  for  their  ability  to  proliferate  following  triggering  with  either 
McAhA-6  or  (T,G)-A — L  it  has  been  demonstrated  that  both  type  of  clones, 
those  growing  in  presence  of  McAhA-6  and  those  stimulated  with 
(T,G)-A — L,  proliferated  efficiently  only  in  the  presence  of  McAhA-6,  as 
represented  by  the  2  clones  shown  in  Table  6. 

Since  the  T-cell  clones  could  not  proliferate  following  a  stimulus 
with  (T,G)-A — L,  it  was  of  interest  to  find  out  whether  (T,G)-A — L  oculd 
inhibit  the  proliferative  response  observed  with  McAbA-6.  Table  7  dem¬ 
onstrates  the  results  of  a  representative  inhibition  experiment  per¬ 
formed  with  a  (T,G)-A — L  stimulated  clone  (C.115)  which  proliferated 
efficiently  following  triggering  with  McAhA-6  (see  Table  6).  As  can  be 
seen  in  Table  7,  (T,G)-A — L  could  inhibit  specifically  the  proliferative 
response  to  McAbA-6.  Thus  125  ug  of  (T,G)-A — L  could  inhibit  73%  of  the 
proliferative  response  whereas  the  same  dose  of  either  the  related  poly¬ 
peptide  (H,G)-A — L  or  the  non-related  antigen  ribcnuclease  did  not 
affect  the  proliferative  response. 


Table  6.  Proliferative  responses  of  the  TA-6  line  derived  T-  cell 
clones. 


\.  Antigen 

Clone\ 

- 

McAbA-6 

(T,G)-A — L 

C.34 

260 

+  22 

25550  +  2190 

280  +  35 

C.115 

262 

+  20 

22950  +  2250 

290  +  3 

Cells  (104)  of  the  McAbA-6  (C.34)  and  of  the  (T,G)-A — L  (C.115)  propa¬ 
gated  clones  were  cultured  with  0.5  x  10°  syngeneic  irradiated  spleen 
cells  in  the  presence  of  50  ug  McAbA-6  or  100  ug  (T,G)-A — L.  At  the  end 
of  48  hr  incubation  period  0.5  uCi  of  [°H]  thymidine  was  added.  Sixteen 
hr  later  cells  were  harvested  and  radioactivity  was  counted.  Results 
are  expressed  as  mean  cpm  of  triplicates  +  SD. 
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Table  7.  (T,G)-A — L  inhibits  specifically  the  proliferative  response  of 

clone  115  to  McAhA-6 


Inhibitor 

wg/weliX 

(T,G)-A — 

% 

L  (H,  G)-A — L 

Inhibition 

Ribonuclease 

250 

88% 

35% 

34% 

125 

73% 

0% 

0% 

62.5 

20% 

0% 

0% 

Cells  ( 10^ /well )  of  C.115  were  cultured  together  with  0.5  x  106  synge¬ 
neic  irradiated  spleen  cells,  McAhA-6  (12.5  «g/well)  and  the  various 
antigens  used  as  inhibitors  at  different  concentrations .  At  the  end  of 
48  hr  incubation  period  0.5  uCl  of  [^H]  thynidine  was  added.  Sixteen  hr 
later  cells  were  harvested  and  radioactivity  was  counted.  The  results 
are  expressed  as  percentage  of  inhibition  of  the  proliferative  response 
stimulated  by  McAbA-6. 

Both  types  of  clones  were  tested  also  for  their  capacity  to  collab¬ 
orate  with  (T,G)-A — L  immunized  B-cells  for  the  production  of  (T,G)-A — L 
specific  antibodies.  A  large  number  of  the  clones  helped  in  the  induc¬ 
tion  of  (T,G)-A — L  specific  antibodies  as  demonstrated  for  the  two  rep¬ 
resentative  clones,  C.34  and  C.115,  in  Table  8.  It  thus  appears  that 
( T , G ) -A — L  is  recognized  by  the  McAbA-6  specific  T-cell  receptors  on  the 
T  cell  clones.  It  is  not  clear  yet  why  (T,G)-A — L  cannot  trigger  the  T- 
cell  clones  to  efficient  proliferation  in  vitro  although  it  can  serve  as 
a  stimulating  antigen  for  antibody  production  in  vitro. 


Table  8.  Helper  activity  of  the  TA-6  line  derived  T-cell  clones 


(T,G)-A — L  wg/well 

Clone  -  0.001  0.01  0.1 


C.34  4790  +  70  7320  +  60  12230  +  950  3580  +  205 
C.115  1550  +  20  11640  +  1760  4195  +  1360  4390  +  1070 


Enriched  (T,G)-A — L  immunized  B  cells  (0.5  x  10^)  were  cultured  together 
with  antigen  presenting  cells,  different  concentrations  of  (T,G)-A — L 
and  104  T- cells  of  either  the  clone  stimulated  in  culture  with  McAbA-6 
(C.34)  or  the  (T,G)-A — L  propagated  clone  (C.115).  Supernatants  of  the 
cultures  were  assayed  for  anti-(T,G)-A — L  antibodies  in  a  solid  phase 
radioimmunoassay.  Results  are  expressed  as  mean  cpm  +  SD. 


It  is  possible  that  (T,G)-A — L  is  recognized  with  a  lower  affinity  than 
McAhA-6  by  the  T  cell  clones  due  to  the  fact  that  the  anti  -  idiotypes 
were  used  for  the  initial  in  vivo/in  vitro  stimulation  of  the  T- cells 
utilized  for  the  establishment  of  the  line. 


Fig.  3.  Inhibition  of  (T,G)-A — L  stimulated  proliferative  response  of 
TPB1  cells  by  McAbA-6. 

TPB1  cells  (104/well)  were  cultured  with  irradiated  syngeneic  spleen 
cells  (0.5xl0°/well)  and  50  jug/well  (T,G)-A — L.  Either  McAbA-6  (o — o) 
or  hMIg  (A-A)  which  were  used  as  inhibitors  were  added  to  the  cultures 
at  different  doses.  At  the  end  of  a  48  hr  incubation  period  0.5  «Ci  of 
[%I]  thymidine  was  added.  Sixteen  hr  later  cells  were  harvested  and 
radioactivity  was  counted.  Results  are  expressed  as  percentage  of 
inhibition  of  the  proliferative  response  stimulated  by  (T,G)-A — L. 


It  should  be  noted  that  similar  results  were  observed  when  the 
(T,G)-A — L  specific  TPB1  T- cell  line  was  tested  for  its  reaction  with 
the  McAbA-6.  Since  McAhA-6  are  against  an  idiotype  (McAbl03)  specific 
to  (T,G)-A — L,  it  was  of  interest  to  find  out  whether  the  anti-idiotypes 
will  recognize  and  react  with  the  TPB1  T-  cell  line.  No  proliferation 
could  be  observed  with  the  TPB1  line  in  the  presence  of  McAbA-6. 
However,  the  proliferative  response  induced  by  (T,G)-A — L  could  be  effi¬ 
ciently  and  specifically  inhibited  as  demonstrated  in  Figure  3. 


McAhA-6  could  also  induce  the  production  of  (T,G)-A — L  specific  antibod¬ 
ies  when  added  to  a  mixture  of  (T,G)-A — L  primed  B  cells  and  TPB1  T 
cells  as  demonstrated  in  Figure  4.  Thus,  (T,G)-A — L  stimulated  T- cel  Is 


Fig.  4.  In  vitro  anti-(T,G)-A — L  response  induced  by  the  help  of  TPB1 
cells. 

Enriched  (T,G)-A — L  immunized  B  cells  were  cultured  together  with  anti¬ 
gen-presenting  cells  and  TPB1  cells  in  the  presence  of  (T,G)-A — L  (• — •  ) 
or  McAbA-6  (o — o).  After  7  days,  supernatants  were  assayed  for 
anti-(T,G)-A — L  antibodies  in  a  solid  phase  radioimmunoassay.  Results 
are  expressed  as  mean  cpm  +  S.D. 


recognize  monoclonal  anti-idiotypic  antibodies  and  are  triggered  by  the 
latter  to  provide  help.  Nevertheless,  McAhA-6  could  not  stimulate  tie 
proliferation  of  the  (T,G)-A — L  specific  T  cell  line. 

Cne  of  the  interesting  questions  is  the  relation  of  the  monoclonal 
anti-idiotypic  antibodies  McAhA-6  to  the  receptor  of  the  TA-6  line  as 
well  as  to  the  receptor  of  the  (T,G)-A — L  specific  T- cell  line-TPBl. 
Immunoblotting  experiments  performed  with  lysates  of  cells  of  the  TA-6, 
TPBl  lines  and  of  a  line  specific  to  RSA  indicated  that  McAbA-6  reacted 
with  ~  40,  (XX)  molecular  weight  bands  of  the  reduced  lysates  of  the  TA-6 
and  TPBl  cells  but  not  of  the  RSA  specific  T-cell  line. 
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CONCLUDING  REMARKS 


The  analysis  of  T-cell  clones  specific  to  the  synthetic  polypeptide 
antibodies  (T,G)-A — L  and  (Phe,G)-A — L  and  to  monoclonal  anti  -  idiotypes 
contributed  to  cur  knowledge  cn  the  fine  specificity  of  monoclonal  T- 
cells,  the  requirement  for  T  cell  interactions  for  proliferation  and 
helper  activity  and  the  lumber  of  functions  that  are  manifested  by  a 
single  T  cell  clone. 

It  has  been  demonstrated  that  a  single  clone  could  not  manifest 
both  efficient  (T,G)-A — L  specific  proliferation  and  help.  Monoclonal  T- 
cells  were  shewn  to  be  capable  of  reacting  with  antigenic  determinants 
that  are  cross  reactive  with  the  major  determinant  of  (T,G)-A — L. 
Different  clones  vary  in  their  fine  antigenic  specificities. 

Secretion  of  antigen  specific  helper  T  cell  factors  was  found  to  be 
a  general  feature  of  helper  T  cells  since  all  of  the  helper  T-cell 
clones  tested,  with  no  exception,  secreted  helper  factors  suggesting  a 
physiological  role  for  these  soluble  molecules.  The  use  of  the  T-cell 
replacing  factors  enabled  a  better  insight  into  the  mechanism  of  T-B 
cell  interactions  leading  to  antibody  production. 

Many  differences  were  observed  between  the  requirements  for  cellu¬ 
lar  interactions  resulting  in  T-cell  proliferation  and  those  leading  to 
T-cell  help  for  antibody  production.  T-cell  proliferation  requires 
1000-10000  times  more  antigen  than  helper  induction.  A  more  stringent 
H-2  restriction  was  shown  to  be  necessary  for  proliferation  and  as  shown 
with  the  McAbA-6  anti-idiotype  stimulated  T-  cell  clones,  (T,G)-A — L 
could  induce  helper  activity  but  not  proliferation.  The  inability  of  a 
T-cell  clone  to  efficiently  proliferate  following  a  stimulation  with  an 
antigen  might  be  due  to  lack  or  excess  of  non-specific  signals  provided 
by  factors  like  IL-1,  IL-2,  etc.  It  is  also  possible  that  a  high  fre¬ 
quency  of  antigen  specific  or  non-specific  receptors  is  crucial  for  a 
proliferative  reaction. 

Based  on  the  newly  described  phenomenon  of  IL-1  production  by  cer¬ 
tain  T-cell  clones  (Tartakovsky  et  al. ,  1986)  we  attempted  the  compari¬ 
son  of  (T,G)-A — L  specific  proliferative  T-cell  clones  to  helper  clones. 
Preliminary  results  suggest  that  IL-1  production  is  associated  with  the 
helper  T-cell  activity.  Furthermore,  preliminary  in  situ  hybridization 
and  Northern  blot  techniques  were  used  to  conpare  (T,G)-A — L  specific 
proliferating  clones  with  helper  clones  for  mRNA  T  cell  receptor  expres¬ 
sion.  The  proliferating  clones  appeared  to  express  consistently  higher 
levels  of  mRNA  coding  for  T  --  cell  receptor  than  helper  clones 
(Tartakovsky,  Ben-Nun,  Axelrod  and  Mozes,  unpublished  data).  Further 
studies  using  the  above  approaches  will  hopefully  lead  to  elucidation  of 
the  mechanisms  underlying  both  antigen  specific  help  and  proliferation. 

Finally,  the  monoclonal  anti-idiotypic  antibodies,  serving  as  an 
antigen  for  the  stimulation  of  T-cell  clones  could  also  been  used  as  an 
antibody  in  immunoblotting  experiments  and  reacted  with  both  the  T-cell 
receptor  on  the  TA-6  -  McAhA-6  specific  line  and  the  TPB1-  (T,G)-A — L 
specific  line.  Experiments  aimed  at  the  comparison  of  the  T-cell  recep¬ 
tor  which  is  bound  t  clonotypic  antibodies  with  that  reactive  with  the 
anti-idiotypic  antibodies  -  McAhA-6  are  under  progress. 
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INTRODUCTION 

An  immune  response  is  a  net  result  of  a  myriad  set  of  cellular 
interactions,  each  interaction  having  multiple  regulatory  points. 
Although  the  nature  of  the  regulatory  factors  is  not  fully  known,  the 
role  of  genetics,  age,  nutrition  and  circadium  rhythm  in  affecting 
immunocompetence  has  been  described  (Rogers  et  al,  1979).  More 
recently,  it  has  been  suggested  that  psychoneurological  components  may 
also  be  a  potential  source  of  immunomodulatory  influences  (Solomon, 
1981;  Riley,  1981;  Fauman,  1982).  Circumstantial  evidence  collected 
as  a  result  of  measuring  the  effects  of  central  nervous  system 
lesions,  sympathectomy  and  emotional  status  on  immunity  have  led  to 
the  concept  of  nerve  mediated  regulation  of  immune  responses  (Solomon, 
1981;  Riley,  1981;  Jankovic  and  Isakovic,  1973).  Whether  denoted  as 
"psychoimmunology" ,  "psychoneuroimmunology"  or  "neuroimmunomodula- 
tion",  the  common  denominator  is  the  prediction  that  lymphoid  cell 
function  may  be  modulated  as  a  consequence  of  the  release  of  neuropep¬ 
tides  within  the  lymphoid  tissue  microenvironment.  Innervation  of 
lymph  nodes,  spleen,  and  thymus  have  been  described  in  several  spe¬ 
cies.  In  vitro  experimentation  have  indicated  that  some  neuropeptides 
can  augment  or  inhibit  immune  responses  (Payan  and  Goetzl,  1985). 

While  these  data  suggest  that  neuroendocrine  substances  may  serve  as 
immunomodulators  there  are  discrepancies  in  the  literature  concerning 
the  effects  mediated  by  some  neuropeptides.  Although  this  line  of 
investigation  is  promising,  systematic  analyses  of  the  effects  of  a 
variety  of  neuropeptides  on  a  battery  of  immunologic  assays  within  a 
given  species  has  not  been  reported.  In  particular,  the  effects  of 
neuropeptides  on  mouse  lymphoid  cell  function  is  not  well  known.  We 
summarize  here  results  of  testing  in  vitro  ten  neuropeptides  present 
in  intrinsic  nerves  on  immunologic  reactions  in  the  mouse. 

MATERIALS  AND  NETHODS 

Details  of  in  vitro  cultures  have  been  previously  published  (Krco 
et  al,  1986a,  1986b). 


RESULTS 


Initial  investigations  were  directed  towards  determining  the 
effects  of  exogenously  adding  6-endorphin  and  vasoactive  intestinal 
peptide  (VIP)  on  the  response  of  lymph  node  cells  stimulated  with  Con 
A  (Table  1).  It  was  observed  that  VIP  would  modulate  the  Con  A 
induced  blastogenesis  (as  measured  as  ^H-thymidine  incorporation)  in 
a  dose  dependent  manner  from  10“  (46%  of  control)  to  10“  H  M  (89%  of 

control)  while  under  identical  conditions  6-endorphin  modulation  the 
response  is  less  than  10%.  Failure  to  detect  a  more  pronounced  effect 
of  6-endorphin  was  not  attributable  to  kinetic  shifts,  inappropriate 
cell  density,  or  Con  A  concentration  (data  not  shown). 


Table  1.  Comparison  of  the  Ability  of  6-Endorphin  and  VIP  to  Modulate 
Con  A  Induced  Proliferation  of  Lymph  Node  Cells 

%  Control 


peptide]  M 

6-Endorphin 

VIP 

10“6 

91 

46 

10- 7 

91 

59 

10“8 

91 

78 

10-9 

92 

95 

1.0-10 

98 

90 

io-n 

93 

89 

Delaying  the  addition  of  VIP  from  0  hr  (40%  of  control)  to  36  hr 
rendered  the  cultures  refractory  to  the  immunomodulatory  effects  of 
VIP  (Table  2).  In  contrast  there  was  no  alteration  of  the  Con  A 
induced  response  if  the  addition  of  6-endorphin  was  delayed. 


Table  2.  Effect  of  Delaying  the  Addition  of  Neuropeptides  to  Con  A 

Stimulated  Lymph  Node  Cells 

Time  of  _ %  Control _ 

Neuropeptide  (10-6  M) 


Addition 

6-Endorphin 

VIP 

0  hr 

84 

40 

12  hr 

86 

56 

24  hr 

100 

80 

36  hr 

100 

100 

Having  demonstrated  that  VIP  was  a  stronger  immunomodulator 
than  8-endorphin  of  mitogen  activation  of  T-cells,  the  effects  of  exo¬ 
genously  adding  four  other  neuropeptides  (substance  P,  met-enkephalin, 
bombesin  and  somatostatin)  on  Con  A  mediated  activrtion  of  lymph  node 
cells  was  determined  (Table  3).  All  of  these  additional  peptides 
failed  to  affect  (less  than  10%  modulation)  the  Con  A  response  in  the 
range  of  10"6  to  10“H  M.  As  observed  earlier,  VIP  (70%  of  control) 
but  not  8-endorphin  (90%  of  control)  inhibited  T-cell  activation. 
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Table  3.  Ability  of  Neuropeptides  to  Modulate  Con  A  Cultures  (n=6) 


_ %  Control _ 

[Neuro-  Sub-  Met-  Somato- 

peptideJ  M  VIP  3-Endorphin  stance  P  Enkephalin  Bombesin  statin 


10-6 

48+2 

89+3 

91+4 

95+4 

82+6 

84+  8 

10- 7 

57+4 

87+3 

88+5 

94+2 

80+9 

77+  6 

10-8 

74+2 

86+4 

90+3 

86+2 

82+7 

87+  5 

10-9 

82+2 

84+4 

91+3 

88+5 

79+7 

77+  7 

10-10 

80+4 

87+5 

87+4 

89+5 

82+9 

78+  8 

io- 11 

80+3 

87+6 

89+5 

93+4 

74+9 

74+10 

The  specificity  of  VIP  for  T-cells  was  suggested  by  the  obser¬ 
vation  (data  not  shown)  that  LPS  stimulated  spleen  cells  were  refrac¬ 
tory  to  modulation  by  VIP  or  any  other  of  the  five  neuropeptides  (less 
than  10%  modulation).  Furthermore,  if  PHA  was  used  to  stimulate 
lymphoid  cells  then  essentially  the  same  titration  curves  for  VIP  and 
3-endorphin  were  obtained  (data  not  shown)  indicating  that  the  modula¬ 
tion  measured  is  indeed  T-cell  dependent  and  was  not  a  pecularity  of 
the  Con  A  culture  system. 

VIP  is  considered  to  be  a  member  of  the  secretin-glucagon 
family  of  gastrointestinal  peptides  which  include  secretin,  glucagon, 
gastric  inhibitory  peptide  (GIP)  and  peptide  having  ^-terminal 
histidine  and  COOH-terminal  isoleucine  (PHI)  (Table  4).  It  has  been 
reported  that  glucagon  receptors  exist  on  human  mononuclear  cells 
(Bhathena  et  al.  1982,  1982).  While  the  effects  of  GIP,  PHI  and  glu¬ 
cagon  on  mouse  lymphoid  cell  function  have  not  been  reported,  the 
effects  of  secretin  on  immune  reactions,  although  largely  unexplored, 
are  thought  to  be  weak  (Ottaway  and  Greenberg,  1984).  Therefore,  the 
effects  of  adding  these  structurally  related  peptides  to  Con  A  stimu¬ 
lated  cells  was  determined  (Table  5).  Both  GIP  and  glucagon  were 
ineffective  as  immunomodulators  in  that  neither  peptide  had  a  major 
effect  on  the  Con  A  induced  blastogenesis  (mean  value  of  80+2%  of 
control)  throughout  the  titration  range  of  10“6  to  10"16  M.  In 
contrast,  VIP  exhibited  a  dose  response  inhibition  beginning  at  10-6  M 
(60%  of  control)  which  was  lost  at  10-16  M  (78%  of  control)  as  did  the 
closely  related  peptide  PHI  (48%  of  control  at  10~6  M).  Secretin  was 
immunomodulatory  only  at  10"°  M  (62%  of  control). 


Table  4.  Amino  Acid  Sequences  of  the  Secretin-Glucagon  Family  of 

Peptides 


N-Terminus  C-Terminus 

1  5  10  15  20  25  30  35  40 

SECRETIN  HSDGTFTSELSRLRDSARLQRLLQFLV 

GLUCAGON  HSQGTFTSDYSKYLDSRRAQDFVQWLMDT 

VIP  HSOAVFTDNYTRLRKWQMAVKKYLNSILN 

PHI  HADGVFTSDFSFLLGQLSAKKYLESLI 

GIP  YAEGTFI SDYSI MDKIRQQDFVNWLL AQKGKKSDWKHNI TQ 
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Table  5.  Ability  of  Secretin-Glucagon  Family  of  Peptides 
to  Inhibit  Con  A  Cultures  (n=3) 


[Neuropeptide]  M 

%  Control 

VIP 

PHI 

Secretin 

IO"6 

59+  2 

48+1 

62+6 

io-8 

55+  3 

57+1 

86+9 

io- 10 

64+11 

74+3 

78+2 

io- 12 

67+  4 

70+5 

78+2 

10“ 14 

72+10 

79+2 

79+2 

10-16 

73+  1 

78+1 

80+2 

The  experiments  described  above  did  not  demonstrate  that  the 
inhibition  was  a  result  of  a  VIP  directly  interacting  with  T-cells. 
Rather,  it  suggested  that  the  inhibition  was  T-cell  dependent.  It  was 
possible  that  other  cells  (e.g.  macrophages)  might  be  affected  in  such 
a  way  as  to  inhibit  T-cell  but  not  B-cell  function.  In  an  attempt  to 
answer  this  question,  a  VIP  receptor  binding  assay  was  developed 
[Nguyen  et  al,  submitted  for  publication).  The  results  of  binding 
analyses  are  summarized  in  Table  6.  It  was  possible  to  demonstrate 
that  lymph  node  cells  (6%  specific  binding)  but  not  thymocytes  or  13- 
cells  [3*  specific  binding)  have  appreciable  numbers  of  VIP  binding 
sites.  Nylon  wool  purified  T-cells  (98%  Thy-1+)  exhibited  significant 
binding  (14%).  These  receptor  results  coupled  with  the  functional 
observation  that  VIP  inhibits  Con  A  but  not  LPS  activation  of  lymphoid 
cells  is  consistent  with  the  direct  inhibition  of  T-cell  activation  as 
a  consequence  interaction  with  binding  sites  on  the  T-cell  surface. 


Table  6.  Characteristics  of  125I-VIP  Binding 
to  Different  Lymphocyte  Populations 

Cells  %  Specific  Binding  Kd  (nM) 


Lymph  node 

6 

3.5 

Thymocytes 

2 

4.8 

T-cells 

14 

4.0 

B-cells 

3 

- 

DISCUSSION 

We  have  demonstrated  that  VIP  is  an  immunomodulator  of  Con  A 
and  PHA,  but  not  LPS  mediated,  activation  of  T-cells.  Furthermore, 
the  demonstration  of  VIP  binding  sites  on  T-cells  but  not  B-cells  is 
consistent  with  the  notion  that  VIP  may  directly  inhibit  T-cells. 
Consistent  with  this  interpretation  are  the  reports  that  VIP  increases 
adenyl  cyclase  activity  in  human  tumor  cells,  an  event  associated  with 
inhibition  of  lymphocyte  activation.  Furthermore,  the  report  that  VIP 
also  inhibits  the  activation  of  BALB/c  spleen  cells  by  Con  A  (Ottaway 
and'Greenberg,  1984)  would  also  be  consistent  with  the  concept  that 
VIP  is  a  neuromodulatory  with  immunosuppressive  properties. 
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In  contrast  to  the  results  obtained  using  VIP,  B-endorphin 
was  ineffective  as  a  an  immunomodulator  of  either  Con  A  or  LPS  activa¬ 
tion  of  lymphoid  cells.  Thus,  our  results  using  B-endorphin  are  in 
conflict  with  other  reports  demonstrating  immunoenhancing  (Gilman  et 
al.  1982)  or  immunosuppressive  (McCain  et  al.  1982)  properties  of  B- 
endorphin  on  mitogen  activation  of  cells  from  rat  or  human,  respec¬ 
tively.  Whether  the  reported  differences  in  susceptibility  to 
neuropeptide-mediated  immunomodulation  are  in  vitro  cultural  artifacts 
or  indeed  reflect  species  differences  is  not  known.  The  possibility 
nevertheless  does  exist  for  genetic  differences  affecting  the 
expression  of  VIP  receptors. 

The  functional  data  suggesting  that  some  neuropeptides  affect 
lymphocyte  function  is  supported  by  anatomical  evidence  for  the  loca¬ 
lization  of  sympathetic  nerve  fibers  in  the  corticomedullary  thymic 
boundary,  perivascular  areas  as  well  as  the  medullary,  capsular  and 
high  endothelial  venules  of  the  splenic  white  pulp.  That  such  inner¬ 
vation  has  functional  significance  to  immune  function  has  been  sup¬ 
ported  by  cholingeric  and  adrengeric  stimulation  experiments  (Schiavi 
et  al.  1975;  Besendovsky  et  al.  1979),  as  well  as  chemically  and 
surgically  induced  sympathectomy  (Besedovsky  et  al.  1979). 

An  understanding  of  the  effects  of  neuropeptides  on  lymphoid 
elements  may  contribute  new  perspectives  into  the  pathophysiology  of 
diseases  having  an  immunologic  component.  For  example,  does  the 
increase  in  VIP  levels  observed  in  pulmonary  disease,  duodenal  ulcers, 
coeliac  disease  and  some  lung  cancers  impair  pulmonary  or  gut- 
associated  lymphoid  tissue  function?  The  more  recent  reports  that 
structural  and  functional  homologies  may  exist  between  neurohormones 
and  lymphokines  (Smith  and  Blalock,  1981)  offer  new  avenues  of  thought 
and  may  provide  a  context  in  which  to  integrate  immune  and  neuroen¬ 
docrine  functions. 
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INTRODUCTION 

Receptor-mediated  endocytosis  serves  a  variety  of  physiologically  significant 
purposes  (Goldstein  et  al.,  1985).  These  include  regulation  of  surface  receptors, 
clearance  of  various  macromolecules  from  the  circulation,  uptake  of  nutrients, 
transport  of  macromolecules  across  cells,  cholesterol  homeostasis,  infection  by  some 
viruses,  and  penetration  into  the  cytoplasm  by  certain  toxins.  Many  basic  steps  in  the 
endocytic  pathways  have  been  elucidated,  but  some  of  the  essential  features  of  this 
process  remain  poorly  understood.  Several  organelles  have  been  identified  as  being 
involved  in  endocytic  events.  However,  in  many  cases  the  characteristics  and 
function  of  these  organelles  are  uncertain.  Few  proteins  have  been  identified  which 
are  highly  enriched  in  the  individual  endocytic  compartments,  and  virtually  nothing  is 
known  of  the  molecular  recognition  signals  which  govern  targeting  of  proteins  to 
specific  endocytic  or  membrane  recycling  compartments. 

One  of  the  characteristic  features  of  endocytic  compartments  is  the  regulation 
of  the  vesicle  contents  to  an  acidic  pH  (Tycko  and  Maxfield,  1982;  Yamashiro  et  al., 
1984).  Internal  acidity  is  maintained  by  an  ATP-dependent  proton  pump  which  is  in 
the  membrane  of  endosomes  (Mellman  et  al.,  1986;  Yamashiro  et  al.,  1983).  Studies 
of  various  endocytic  processes  have  revealed  that  acidification  plays  a  key  role  in 
many  endocytic  processes  (Yamashiro  and  Maxfield,  1984).  In  this  paper  the  kinetics 
of  endosome  acidification  are  described  along  with  a  discussion  of  the  mechanisms  by 
which  acidification  is  responsible  for  carrying  out  key  steps  in  the  endocytic 
pathway.  Recent  studies  have  shown  that  different  compartments  on  the  endocytic 
pathway  are  fegulated  to  different  pH  values.  This  regulation  may  determine  when 
and  where  various  sorting  events  take  place  within  the  cell. 


ORGANELLES  INVOLVED  IN  ENDOCYTOSIS  AND  RECYCLING 

The  pathways  of  receptor-mediated  endocytosis  have  been  described  in  several 
cell  types.  A  schematic  description  of  the  pathway  in  the  Chinese  hamster  ovary 
(CHO)  cell  line  is  shown  in  Figure  1.  The  endocytic  processes  in  these  cells  are  very 
similar  to  those  observed  in  many  other  cell  types.  In  our  laboratory  and  others, 
these  cells  have  been  studied  extensively  because  of  their  convenience  for  obtaining 
stable  mutant. cell  lines. 
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Organelles  along  the  endocytic  pathway  are  easily  identified  by  following  the 
uptake  of  exogenously  added  tracers.  For  light  microscopy,  fluorescent  probes  (usually 
fluorescein  or  rhodamine)  are  generally  used.  For  electron  microscopy,  ligands  can  be 
conjugated  with  horseradish  peroxidase,  ferritin,  or  colloidal  gold.  Alternatively,  the 


Figure  1.  Schematic  model  for  endocytosis  and  recycling  in  CHO  cells. 

Various  ligands  bind  to  receptors  which  collect  in  clathrin  coated 
pits.  These  include  diphtheria  toxin  (DT),  lysosomal  enzymes  with 
mannose-6-phosphate  (M),  transferrin  (Tf),  and 
a2-macroglobuiin  (a).  Within  two  minutes,  these  ligands  are 
found  in  the  early  endosome  compartment  of  small  vesicles  and 
tubules.  In  the  sorting  endosome,  acidification  releases  iron  (Fe) 
from  Tf.  Lysosomal  enzymes  and  a2-macroglobulin  dissociate 
from  their  receptors  and  are  delivered  to  lysosomes.  Apo-Tf 
remains  bound  to  its  receptor  and  returns  to  the  surface  via  a 
recycling  endosome. 


native  molecules  can  be  internalized  by  cells  and  then  localized  within  intracellular 
compartments  by  immunofluorescence  or  immunoelectron  microscopy.  For 
biochemical  studies,  radiolabeled  ligands  can  be  used  to  follow  endocytosis,  recycling, 
and  degradation  in  lysosomes.  The  kinetics  of  passage  through  organelles  can  also  be 
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followed  using  density  gradient  centrifugation  of  cell  homogenates  to  identify  specific 
compartments.  The  use  of  all  of  these  methods  has  produced  a  basic  description  of 
many  of  the  organelles  involved  in  endocytosis. 


The  schematic  diagram  shown  in  Figure  1  is  a  current  working  model  for  the 
endocytic  and  recycling  pathways  in  CHO  cells.  We  have  concentrated  our  work  on 
two  ligands:  a2-macroglobulin,  which  is  internalized  and  degraded  in  lysosomes 
(Tycko  et  al.,  1982),  and  transferrin,  which  returns  to  the  cell  surface  intact  (Klausner 
et  al.,  1983;  Dautry-Varsat  et  al.,  1983).  The  a2-macroglobulin  serves  as  a 
marker  of  the  pathway  leading  to  lysosomes.  Transferrin  remains  associated  with  its 
receptor  within  the  cell  (Enns  et  al.,  1983;  Yamashiro  et  al.,  1984).  Thus,  transferrin 
is  a  convenient  tracer  of  receptor  recycling  pathways. 

At  very  early  incubation  times,  occupied  receptors  can  be  observed  concentrated 
over  clathrin-coated  pits.  Within  5  minutes  after  binding,  essentially  all  of  the 
occupied  receptors  have  been  cleared  from  the  surface.  Using  electron  microscopic 
tracers,  two  compartments  become  labeled  during  a  5  minute  chase  period  (Yamashiro 
et  al.,  1984).  One  of  these  is  a  large  electron  lucent  vesicle  which  is  often  irregularly 
shaped  and  is  approximately  200-300  nm  in  diameter.  The  other  compartment  is  made 
up  of  small  vesicles  or  tubules  which  are  approximately  80  nm  in  diameter.  At  early 
times,  both  a2~macro6lobulin  and  transferrin  are  seen  in  the  small  vesicles  and 
tubules  (Table  1).  These  early  small  vesicles  and  tubules  are  predominantly  near  the 
cell  surface.  With  further  incubation,  nearly  all  of  the  ct2-macroglobulin  moves  into 
the  larger  endocytic  vesicles  (Table  I).  The  final  destination  of  a2-macroglobv  lin  is 
lysosomes  where  it  is  degraded  (Yamashiro  et  al.,  1984).  In  contrast,  most  of  the 
transferrin  remains  in  small  vesicles  and  tubules.  Over  a  5-15  minute  chase  period,  the 
distribution  of  the  labeled  small  vesicles  becomes  more  localized,  with  a  heavy 
concentration  near  the  Golgi  complex.  Subsequently,  transferrin  and  its  receptor  exit 
this  compartment,  and  they  are  returned  to  the  cell  surface.  The  vesicles  used  for 
transport  to  the  cell  surface  are  not  well  characterized  at  present. 


Table  I.  Characterization  of  Structures  Containing  Transferrin  and 
ct2-Macroglobulin 


Distribution  of 
Tf-Fer 

Distribution  of 
c^M-Gold 

Conditions* * * § 

sv/tF 

LVH 

SV/T 

LV 

5  min  incubation 
no  chase 

79% 

21% 

47% 

53% 

5  min  incubation 

5  min  chase 

80% 

20% 

16% 

84% 

5  min  incubation 

10  min  chase 

75% 

25% 

10% 

90% 

*  Cells  were  incubated  with  transferrin-ferritin  conjugates  (Tf-Fer) 
and  a2-macroglobulin-colloidal  gold  (o^M-Gold)  at  37°C  for  the  indicated 
times  and  processed  for  electron  microscopy.  The  data  for  each  point  were 

obtained  from  200  electron  micrographs  containing  between  350  and  1300 

particles.  A  complete  description  of  the  method  is  in  Yamashiro  et  al.  (1984). 

§  Small  vesicles  and  tubules  (SV/T)  were  structures  with  diameters  less 
than  120  nm.  Most  of  these  were  approximately  80  nm  in  diameter. 

II  Large  endocytic  vesicles  (LV)  were  defined  as  having  diameters  greater 
than  120  nm.  These  included  multivesicular  bodies.  At  these  times,  less 
than  20%  of  the  vesicles  were  lysosomes,  as  identified  by  acid  phosphatase 
cytochemistry. 
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KINETICS  OF  ENDOSOME  ACIDIFICATION 


At  this  time,  relatively  little  is  known  of  the  molecular  recognition  signals  which 
govern  intracellular  routing  during  endocytosis.  For  example,  it  is  not  known  how 
receptors  (and  in  many  cases  only  the  occupied  receptors)  are  concentrated  over 
clathrin  coated  pits.  Nor  is  it  understood  why  many  receptors  recycle,  whereas  some 
receptors  are  degraded  inside  the  cell  after  internalization. 

One  of  the  events  which  is  now  clearly  associated  with  sorting  processes  is  the 
acidification  of  endocytic  compartments  (Tycko  et  al,  1983;  Yamashiro  and  Maxfield, 
1984).  Exposure  to  pH  values  between  5.0  and  7.0  has  dramatic  effects  on  many  of  the 
molecules  brought  into  the  cell  by  endocytosis.  Many  ligands  dissociate  from  their 
receptors  at  pH  values  below  7.  In  the  case  of  the  epidermal  growth  factor  receptor 
and  the  asialoglycoprotein  receptor,  we  have  shown  that  a  large  scale  conformational 
change  in  the  receptor  accompanies  the  loss  of  affinity  (DiPaola  and  Maxfield,  1984; 
Figure  2).  At  pH  values  below  6.0,  diferric  transferrin  releases  iron  (Princiotto  and 
Zapolski,  1975;  Aisen  and  Listowsky,  1980).  The  apo-transferrin  remains  receptor- 
associated  at  low  pH  values,  but  it  dissociates  at  the  neutral  pH  encountered  when  the 
complex  returns  to  the  cell  surface  (Dautry-Varsat  et  al.,  1983;  Klausner  et  al.,  1983). 


Acid  pH  Cauaaa  Largo  Conformational  Changaa 
In  EOF  and  Aaialoglyeoprotaln  Racaptora 


pH  7.4 

pH  6.6 

o 

□ 

Racoptor 

r  i 

1  Racoptor  | 

High  Affinity 

Ligand  Binding:  YES 

NO 

Subatrata  for 

LPO 

lodinallon: 

GOOD 

POOH 

Accaaalblllty 
to  polar 
pfiotolabal: 

GOOD 

POOR 

Suacaptiblllty 
to  Papain 
Olgaation: 

HIGH 

LOW 

Figure  2.  Effects  of  pH  on  biochemical  properties  of  the  epidermal  growth 

factor  (EGF)  and  asialoglycoprotein  receptors.  EGF  receptors  were 
examined  in  living  A-431  cells.  Purified  asialoglycoprotein 
receptors  were  incorporated  into  phosphatidylcholine  liposomes.  As 
shown  schematically,  three  methods  were  used  to  detect  possible 
conformational  changes  between  pH  7.4  and  pH  5.5.  Both  receptors 
were  less  efficiently  iodinated  by  lactoperoxidase  (LPO)  at  pH  5.5, 
even  though  the  enzyme  is  more  active  at  the  mildly  acidic  pH.  At 
acidic  pH,  the  receptors  were  less  heavily  labeled  by  a  nonspecific, 
highly  polar  photo  label  (NAP-taurine)  which  only  labels  the  outer 
surface  of  proteins.  They  were  also  less  susceptible  to  proteolysis 
by  papain  at  low  pH.  These  results  suggest  that  both  receptors 
undergo  a  conformational  change  which  reduces  overall  exposure  to 
the  medium  at  pH  5.5  (DiPaola  and  Maxfield,  1984). 


Some  viruses  and  toxins  undergo  significant  changes  in  conformation  when 
exposed  to  acidic  pH.  Diphtheria  toxin  acquires  the  ability  to  insert  into  lipid 
membranes  (Olsnes  and  Sandvig,  1983).  This  insertion  is  an  important  step  in  the 
translocation  of  the  enzymatic  portion  of  the  toxin  into  the  cytosol.  Coat  proteins  of 
enveloped  viruses  such  as  influenza  or  Semliki  Forest  virus  also  undergo 
conformational  changes  (Kielian  and  Helenius,  1985).  These  changes  facilitate  fusion 
of  the  virus  membrane  with  various  target  membranes  (White  et  al.,  1980).  In  an 
endosome,  this  fusion  allows  the  virus  nucleocapsid  to  escape  into  the  cytosol  (Marsh 
et  al.,  1983). 

Many  of  these  pH-dependent  processes  occur  over  relatively  narrow  pH  ranges. 

For  example,  pH-dependent  membrane  fusions  mediated  by  viruses  are  apparently 
regulated  over  a  range  of  approximately  0.3  pH  units  (White  et  al.,  1980).  Different 
ligands  dissociate  from  their  receptors  at  different  pH  values.  For  example, 
a2~macroglobulin  is  nearly  completely  dissociated  by  pH  6.5  (Maxfield,  1982),  but 
lysosomal  enzymes  bound  to  the  mannose-6-phosphate  receptor  require  pH  values 
below  6.0  for  efficient  dissociation  (Conzalez-Noriega  et  al.,  1980).  These  results 
suggest  the  possibility  that  sorting  events  could  be  differentially  regulated  by 
progressive  exposure  of  internalized  receptors  to  increasingly  acidic  pH  values.  In 
order  to  determine  whether  this  occurs,  it  is  necessary  to  measure  the  pH  of  endocytic 
compartments  as  a  function  of  time.  It  is  also  necessary  to  determine  the  pH  of 
specific  types  of  organelles.  Changes  in  the  pH  surrounding  an  internalized  molecule 
could  occur  as  a  result  of  pH  changes  within  an  organelle,  or  the  changes  could  result 
from  transfer  to  a  new  type  of  organelle. 

The  pH  in  endocytic  compartments  can  be  measured  using  fluorescein-labeled 
ligands  (Ohkuma  and  Poole,  1978;  Tycko  and  Maxfield,  1982).  Fluorescein  fluorescence 


WAVELENGTH  (  nm  ) 

Figure  3.  pH  dependence  of  fluorescein  fluorescence.  a2~macroglobulin 
was  labeled  with  fluorescein-isothiocyanate.  Fluorescence 
excitation  spectra  (emission  at  520  nm)  were  obtained  in  buffers 
between  pH  5.0  and  pH  8.0.  The  excitation  profile  is  strongly  pH 
dependent  in  this  range. 
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intensity  increases  dramatically  between  pH  5.0  and  pH  7.0  (Figure  3).  Thus,  changes 
in  fluorescence  intensity  can  be  used  as  an  assay  for  changes  in  pH.  Using  the  ratio  of 
fluorescence  intensities  at  two  wavelengths  (450-  and  490-nm)  the  actual  pH  values 
can  be  obtained.  These  properties  have  been  used  in  several  studies  to  measure  the  pH 
of  lysosomes  and  the  pH  of  the  large,  prelysosomal  endocytic  vesicles.  In  various  cell 
types,  lysosomes  have  pH  values  between  4.6  and  5.2,  and  the  large,  endocytic  vesicles 
have  pH  values  between  5.0  and  5.5  (Ohkuma  and  Poole,  1978;  Tycko  and  Maxfield, 
1982;  Tycko  et  al.,  1983;  Yamashiro  et  al.,  1984). 

For  technical  reasons  it  has  been  difficult  to  make  accurate  pH  measurements  in 
the  earliest  endocytic  compartments.  Two  problems  are  encountered.  First,  at  very 
early  times  there  is  relatively  little  fluorescent  probe  internalized.  Thus,  the  signal  is 
weak  compared  to  cellular  autofluorescence.  A  second  problem  results  from 
nonsynchronous  internalization.  Any  fluorescein  left  on  the  surface  (pH  7.4)  will 
fluoresce  with  greater  relative  intensity  than  fluorescein  inside  an  acidic  endocytic 
compartment.  This  can  lead  to  serious  underestimates  of  the  acidification  of 
endocytic  vesicles.  In  order  to  circumvent  these  problems,  we  have  developed  a  new 
null  point  method  which  provides  accurate  pH  measurements  as  early  as  2-3  minutes 
after  the  start  of  endocytosis.  The  steps  in  this  procedure  are  shown  in  Table  II. 
Measurements  are  made  using  a  microscope  spectrophotometer  (Maxfield,  1985). 

Using  three  different  fluorescein-labeled  probes,  we  have  measured  the  kinetics 
of  endosome  acidification  in  CHO  cells  (Table  III).  In  the  wild  type  cells, 
compartments  labeled  with  the  fluid  phase  marker  fluorescein-dextran  reach  an 
average  pH  of  6.3  within  three  minutes.  Within  10  minutes,  the  average  pH  drops 
below  6.0.  Rapid  acidification  of  vesicles  containing  a2-macroglobulin  is  also 
observed.  In  the  case  of  transferrin,  rapid  acidification  is  observed,  but  on  further 
incubation  the  average  pH  increases.  This  increase  in  pH  corresponds  to  the 
movement  of  transferrin  to  the  para-Golgi  small  vesicles  and  tubules  which  have  been 
shown  to  have  a  pH  of  6.4  in  CHO  cells. 


Table  II.  Measurement  of  Average  pH  in  Endocytic  Compartments 
by  Null  Point  Method 


Step 


Measurements  and  Interpretation 


1.  Incubate  with  fluorescein- 
labeled  ligand,  rinse 
exhaustively. 


2.  Change  buffer  to  a  non-permeant 
buffer  at  test  pH  (e.g.,  pH  6.4). 


3.  Change  to  a  membrane  permeant 
buffer  at  the  same  test  pH. 


Total  cell-associated 
fluorescence  is  measured.  Includes 
intracellular  and  surface 
fluorescein  plus  cellular 
autofluorescence. 

Total  fluorescence  decreases  due 
to  reduced  fluorescence  from 
extracellular  dye  at  the  lower  pH. 
Intracellular  fluorescein  and 
autofluorescence  are  unaffected. 

Extracellular  fluorescence  and 
autofluorescence  are  unaffected. 
Only  the  intracellular  fluorescein 
fluorescence  is  changed.  If  the 
intensity  rises  at  this  step,  the 
average  pH  of  the  intracellular 
compartments  is  below  the  test 
pH.  If  the  intensity  falls,  the 
average  pH  is  above  the  test  pH. 
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Table  m.  Time  Dependence  of  Acidification  of  Endocytic  Compartments 


Fluorescent* 

Probe 

Conditions 

Pulse  /  Chase 

Wjldiype _ 

WTB 

pH 

Mutants 

DTG  1-5-4  DTF  1-5-1 

F-Dextran 

2  min  /  1  min 

5  min  /  1  min 

5  min  /  5  min 

5  min  /  10  min 

6.3  ±  0.2 
6.2  ±0.1 
<6.0 
<6.0 

n.d. 

6.7  ±0.1 

6.5  ±  0.2 

6.1  ±0.3 

n.d. 

6.7  ±0.1 

6.4  ±0.1 
<6.0 

F-a2M 

9  min  /  1  min 

9  min  /  6  min 

6.0  ±0.1 
<6.0 

6.8  ±  0.3 

6.4  ±0.2 

6.4  ±  0.2 

6.0  ±  0.3 

F-Transferrin 

5  min  /  1  min 

18  min  /  2  min 

6.2  ±0.1 

6.5  ±0.1 

6.7  ±0.1 

6.6  ±0.1 

6.3  ±0.2 

6.5  ±0.1 

*  The  pH  of  F-Dextran,  F-a2M,  and  F-Transferrin  containing  compartments 
were  measured  using  a  null  point  method  as  described  in  the  text.  A  full 
description  of  this  method  will  be  presented  (Yamashiro  and  Maxfield,  in 
preparation). 


In  addition  to  the  wild  type  cells  we  have  also  made  measurements  with  two 
mutant  CHO  cell  lines.  These  lines  are  resistant  to  diphtheria  toxin,  and  they  are 
defective  in  the  release  of  iron  from  transferrin  and  the  internalization  of  lysosomal 
enzymes  (Robbins  et  al.,  1983,  1984;  Klausner  et  al.,  1984).  Thus,  they  appear  to  be 
excellent  candidates  for  defects  in  acidification.  As  shown  in  Table  III,  both  cell  lines 
do  exhibit  defects  in  acidification  of  early  endocytic  compartments.  However,  in  both 
mutants  acidification  to  pH  6.0  or  below  is  observed  within  a  few  minutes. 


pH  IN  MORPHOLOGICALLY  DEFINED  COMPARTMENTS 

As  described  above,  ligands  pass  through  a  series  of  distinct  compartments  during 
endocytosis  and  recycling.  In  order  to  measure  the  pH  in  these  separate 
compartments,  we  have  developed  image  analysis  methods  in  conjunction  with  image 
intensification  fluorescence  microscopy  to  measure  the  pH  within  individual  endocytic 
compartments.  Using  these  methods,  it  is  possible  to  measure  the  pH  in  single  large 
endocytic  vesicles  (Tycko  et  al.,  1983)  or  in  the  para-Golgi  small  vesicle  and  tubule 
compartment  which  becomes  filled  with  fluorescein  transferrin  (Yamashiro  et  al., 
1984).  Measurements  made  on  these  compartments  are  summarized  in  Table  IV. 

In  the  wild  type  cells,  the  average  pH  of  the  large  endocytic  vesicles  is  always  at 
or  below  pH  5.8.  Even  at  very  early  times,  when  the  average  pH  of  all  compartments 
is  above  pH  6.0,  these  large  vesicles  maintain  a  more  acidic  pH.  The  difference  in  pH 
between  the  early  and  late  endosomes  is  more  striking  in  the  mutant  cells.  In  both 
mutants,  we  find  that  acidification  of  large  endocytic  vesicles  and  lysosomes  is 
essentially  the  same  as  in  wild  type  cells  at  all  incubation  times.  Thus,  it  appears  that 
the  defect  in  the  mutant  cells  is  limited  to  the  early  endocytic  compartments. 

The  finding  that  only  the  acidification  of  early  compartments  is  affected  in  the 
mutants  provides  important  information  about  mechanisms  of  pH  regulation  and  about 
the  intracellular  organelles  where  pH-dependent  sorting  processes  occur.  First,  it  is 
clear  that  pH  regulation  can  be  maintained  by  different  mechanisms  in  the  two 
prelysosomal  endocytic  compartments.  This  is  also  shown  for  wild  type  cells  by  the 
observation  that  the  pH  in  large  endocytic  vesicles  at  early  times  is  lower  than  the 
average  pH  of  all  endocytic  compartments.  Furthermore,  the  pH  of  the  para-Golgi 
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Table  IV.  pH  Measurement  in  Morphologically  Identifiable  Compartments 


Fluorescent* 

Probe 

Compartment 

Wildtvpe 

WTB 

pH 

DTG  1-5 

Mutants 
-4  DTF  1-5-1 

F-Dextran 

Large,  Prelysosomal 
Vesicle 

5.8  ±0.1 

5.9  ±  0.2 

6.0  ±0.1 

Lysosome 

5.3  ±0.1 

5.2  ±0.3 

5.3  ±0.1 

F-«2M 

Large,  Prelysosomal 
Vesicle 

5.4  ±0.1 

5.7  ±0.1 

5.6  ±  0.3 

F-Transferrin 

Para-Golgi  Vesicles 
and  Tubules 

6.4  ±0.1 

6.3  ±0.1 

6.4  ±0.1 

*  The  pH  of  various  endocytic  endocytic  compartments  were  measured  using 
image  intensified  fluorescence  microscopy  and  digital  image  processing 
(Tycko  et  al.,  1983;  Yamashiro  et  ah,  1984).  A  full  description  of  the 
measurements  will  be  presented  (Yamashiro  and  Maxfield,  in  preparation). 


compartment  is  higher  than  the  pH  of  large  endocytic  vesicles.  The  pH  of  this 
compartment  is  the  same  in  the  two  mutants  and  wild  type.  The  mechanisms 
responsible  for  the  differences  in  pH  are  not  clear  at  this  time.  One  possibility  is  that 
the  ATP-dependent  proton  pumps  or  a  regulatory  subunit  are  different  in  the  various 
compartments.  Alternatively,  the  differences  may  be  due  to  other  ion  transport 
proteins.  These  could  affect  the  pH  directly  (i.e.,  by  transporting  protons)  or 
indirectly  (by  changing  the  membrane  potential  against  which  the  electrogenic  proton 
pump  must  work). 

The  step-wise  exposure  to  an  acidic  pH  can  be  important  for  physiological 
processes.  When  cells  are  exposed  to  Semliki  Forest  virus,  there  is  a  lag  of  a  few 
minutes  before  cytoplasmic  penetration  occurs  (Kielian  et  al.,  1986).  The  early 
kinetics  of  penetration  by  this  virus  are  the  same  in  wild  type  cells  as  in  the  DTF  or 
DTG  mutants  (A.  Helenius,  I.  Mellman,  and  M.  Marsh,  personal  communication).  Thus, 
it  appears  that  the  pH  achieved  in  the  early  endosomes  of  wild  type  cells  is  not 
sufficiently  acidic  to  cause  the  conformational  change  in  the  virus  coat  protein.  The 
pH  found  in  the  large  endocytic  vesicles  of  mutant  or  wild  type  cells  is  sufficiently  low 
to  allow  penetration.  Viruses  with  a  higher  pH  threshold  would  be  expected  to 
penetrate  from  the  earlier  endocytic  compartment. 

Relatively  little  transferrin  enters  the  large  endocytic  compartment  (Table  I).  In 
the  wild  type  cells,  the  acidification  of  the  early  small  vesicles  and  tubules  may  be 
sufficient  to  release  iron  from  transferrin.  In  the  mutant  cells,  iron  is  released  from 
only  about  25%  of  the  internalized  transferrin  molecules  (Yamashiro  and  Maxfield, 
unpublished).  This  confirms  that  in  the  mutants  most  of  the  transferrin  does  not  pass 
through  the  highly  acidic  large  endocytic  vesicle.  It  also  suggests  that  the  early  small 
vesicle  and  tubule  compartment  (or  the  brief  fusion  of  these  with  the  large  endocytic 
vesicle)  may  be  the  site  of  iron  release  in  the  wild  type  cells. 

The  resistance  of  the  mutant  cells  to  diphtheria  toxin  indicates  that  exposure  to 
low  pH  in  a  large  endocytic  vesicle  is  not  sufficient  to  cause  penetration  into  the 
cytoplasm.  Recent  studies  have  suggested  that  factors  in  addition  to  low  pH  are 
required  for  diphtheria  toxin  penetration  (Olsnes  and  Sandvig,  1983). 

Delivery  of  a2-macroglobulin  to  lysosomes  is  the  same  in  the  mutant  cells  and 
in  the  wild  type  cells  (Yamashiro  and  Maxfield,  unpublished).  However,  delivery  of 
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lysosomal  enzymes  is  defective  in  DTG  and  DTF  (Robbins  et  al.,  1983,  1984).  Our  pH 
measurements  show  that  the  pH  of  the  early  endocytic  compartment  will  dissociate 
aj-macroglobulin,  but  not  lysosomal  enzymes,  from  the  receptor.  In  the  mutant 
cells,  the  lysosomal  enzymes  appear  to  remain  receptor-associated,  so  they  recycle 
rather  than  being  delivered  to  lysosomes. 


SUMMARY  AND  CONCLUSIONS 

Acidification  of  endocytic  compartments  occurs  within  2-3  minutes  following 
internalization.  In  CHO  cells,  three  kinetically  and  morphologically  distinct  endocytic 
or  recycling  compartments  can  be  identified.  Measurements  of  the  pH  in  these 
compartments  show  that  the  acidity  of  the  compartments  is  regulated  independently, 
although  some  parts  of  the  acidification  mechanism  may  be  shared.  The  pH  values 
found  in  these  compartments  provide  a  satisfactory  explanation  for  various  required 
steps  in  the  endocytosis  and  recycling  pathways.  Further  work  is  required  to 
understand  the  biochemical  basis  for  the  pH  regulation  in  various  intracellular 
organelles. 
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Eukaryotic  cells  are  compartmentalized,  increasing  the  efficiency  of 
the  cell  by  allowing  the  existence  of  microenvironments  of  unique  proper¬ 
ties  and  by  segregating  potentially  incompatible  biochemical  reactions. 

The  targeting  of  newly  synthesized  macromolecules  to  their  correct  location 
within  the  cell  and  the  maintenance  of  the  distinctive  macromolecular  com¬ 
position  of  these  compartments  is  an  Important  feature  of  cellular  organ¬ 
ization.  The  mechanisms  by  which  cells  direct  the  intracellular  traffic  of 
macromolecules  are  the  subject  of  much  investigation  in  cell  biology.  One 
well-studied  example  of  intracellular  sorting  and  trafficking  is  the  man¬ 
nose  6-phosphate-mediated  transport  of  lysosomal  enzymes. 


LYS0S0MES 

The  lysosome  is  a  membra  ie-enclosed  intracellular  organelle  which 
contains  numerous  hydrolytic  enzymes.  These  a”e  the  products  of  unlinked 
genes  and  include  proteases,  nucleases,  glycosidases ,  lipases,  phospho¬ 
lipases,  phosphatases  and  sulfatases.  All  of  these  enzymes  have  acidic  pH 
optima.  A  pH  of  approximately  5.0  is  maintained  within  the  lysosome  by 
means  of  a  membrane-bound,  ATP-dependent  proton  pump.  Lysosomes  are  a 
heterogeneous  group  of  organelles  and  are  often  classified  for  convenience 
into  two  groups:  primary  lysosomes,  which  contain  only  newly  synthesized 
acid  hydrolases,  and  secondary  lysosomes,  in  which  newly  synthesized  en¬ 
zymes  have  been  brought  into  contact  with  substrate  material,  for  example 
through  endocytosis.  This  classification  is,  of  course,  an  oversimplif¬ 
ication. 

The  lysosome  plays  an  important  role  in  degradative  cellular  metabol¬ 
ism.  Its  significance  in  the  physiology  of  the  whole  organism  is  reflect¬ 
ed  in  the  numerous  inherited  disorders  of  lysosomal  metabolism  which  have 
been  described.  Most  of  them  have  severe  consequences  for  affected  pa¬ 
tients.  These  disorders  usually  result  from  the  deficiency  of  a  single 
acid  hydrolase,  with  the  consequent  accumulation  of  the  undegraded  sub¬ 
strate  within  the  lysosome.  The  study  of  these  diseases  has  been  helpful 
in  elucidating  the  physiological  role  of  these  enzymes  and  the  routes  of 
intracellular  transport  of  acid  hydrolases. 
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ACID  HYDROLASES  SHARE  A  COMMON  "RECOGNITION  MARKER" 


The  transport  of  acid  hydrolases  to  lysosomes  is  part  of  the  more 
general  phenomenon  whereby  the  cell  regulates  the  protein  composition  of 
its  intracellular  compartments.  The  study  of  I-cell  disease  fibroblasts, 
cells  which  secrete  to  excess  a  large  number  of  acid  hydrolases  and  in 
which  the  lysosomes  are  deficient  in  these  enzymes,  led  to  the  hypothesis 
that  the  transport  of  acid  hydrolases  was  dependent  on  a  common  "recog¬ 
nition  marker”  present  on  a  large  number  of  lysosomal  enzymes  (Hickman  and 
Neufeld,  1972).  This  marker  was  subsequently  shown  to  be  carbohydrate  in 
nature  and  sensitive  to  acid  phosphatase  treatment,  and  was  identified  as 
mannose  6-phosphate  (M6P)  (Kaplan  et  al.,  1977).  The  identification  of  M6P 
as  the  recognition  marker  for  the  targeting  of  acid  hydrolases  to  lysosomes 
provoked  the  search  for  a  protein  capable  of  recognizing  this  sugar  deter¬ 
minant  on  acid  hydrolases.  An  integral  membrane  protein  fulfilling  these 
requirements  was  identified  and  termed  the  phosphomannosyl  receptor  (PMR) 
(Rome  et  al.,  1979;  Fischer  et  al.,  1980a). 


BIOSYNTHESIS  OF  ACID  HYDROLASES 

Precursor  lysosomal  enzymes,  together  with  many  other  secretory  and 
membrane  proteins,  are  synthesized  on  endoplasmic  reticulum-bound  ribo¬ 
somes.  These  proteins  have  been  shown  to  have  a  signal  sequence  which 
mediates  their  interaction  with  the  signal  recognition  particle  (SRP). 

This  interaction  is  followed  by  binding  of  the  complex  to  the  SRP-receptor 
(docking  protein)  and  translocation  of  the  nascent  protein  into  the  lumen 
of  the  ER,  with  subsequent  cleavage  of  the  signal  peptide.  These  reactions 
are  common  to  many  proteins  and  have  been  the  subject  of  a  recent  review 
(Walter  and  Lingappa,  1986). 

As  seen  with  non-lysosomal  glycoproteins,  acid  hydrolases  are  modified 
in  the  ER  by  the  addition  of  a  high  mannose  oligosaccharide  from  a  dolichol 
pyrophosphate  intermediate  (Kornfeld  and  Kornfeld,  1985).  This  oligosac¬ 
charide  is  then  subjected  to  the  typical  "trimming"  reactions  which  have 
been  shown  to  occur  in  the  ER.  Following  this,  they  are  transferred  to  the 
Golgi  apparatus,  where  further  trimning  and  modification  of  the  oligosac¬ 
charide  side  chains  take  place.  A  unique  modification,  which  occurs  only 
in  the  case  of  lysosomal  enzymes  and  not  with  other  non-lysosomal  proteins, 
is  the  addition  of  the  mannose  6-phosphate  recognition  marker. 


GENERATION  OF  THE  MANNOSE  6-PHOSPHATE  MARKER 

The  M6P  marker  is  added  to  newly  synthesized  acid  hydrolases  in  a  two- 
step  reaction  (see  Figure  1)  (Reitman  and  Kornfeld,  1981;  Varki  and 
Kornfeld,  1981;  Waheed  et  al.,  1981,  1982a).  The  first  step  in  this  pro¬ 
cess  is  the  addition  of  an  N-acetylglucosamine  1 -phosphate  residue  to  the 
six  position  of  a  selected  mannosyl  moiety  of  an  oligosaccharide  side  chain 
on  the  precursor  acid  hydrolase.  This  gives  rise  to  a  phosphodiester 
intermediate.  The  reaction  is  catalyzed  by  the  enzyme,  UDP-N-acetylglu- 
cosamine: lysosomal  enzyme  N-acetylglucosaminyl-1-phosphotransferase  (termed 
the  phosphotransferase),  and  it  is  this  enzyme  that  is  defective  in  I-cell 
disease  (Mucolipidosis  II  [ML  II])  ard  in  pseudo-Hurler  polydystrophy  (ML 
III)  (Reitman  et  al.,  1981).  In  the  second  step  of  the  reaction,  the  N- 
acetylglucosamine  residue  is  removed.  This  secondary  reaction,  catalyzed 
by  N-acetylglucosamine -1 -phosphodiester  a-N-acetyl-glucosaminidase  (the  Man 
6P  GlcNAc  (,\ucosaminidase) ,  exposes  the  M6P  marker,  which  can  then  be 
recognized  by  the  PMR. 


Only  lysosomal  enzymes  receive  this  M6P  recognition  marker.  The  ques¬ 
tion  of  how  lysosomal  enzymes  are  selectively  recognized  by  the  phosphory- 
lating  enzymes  is  of  major  importance.  Analysis  of  the  oligosaccharide 
units  of  several  lysosomal  enzymes  revealed  that  they  are  no  different  from 
those  found  on  many  glycoproteins  which  are  poor  substrates  for  the  phos- 
phorylating  enzymes  (Hasilik  et  al.,  1980;  Goldberg  and  Kornfeld,  1981; 
Takahashi  et  al.,  1983).  It  is  the  protein  portion  of  the  lysosomal  enzyme 
which  contains  the  major  determinant  responsible  for  their  recognition  by 
the  phosphotransferase.  Deglycosylated  lysosomal  enzymes  are  potent  inhib¬ 
itors  of  the  phosphotransferase  (Lang  et  al.,  1984).  This  determinant  does 
not  apparently  reside  in  the  primary  sequence  alone.  It  is  sensitive  to 
treatments  that  destroy  the  tertiary  structure  of  the  enzymes,  such  as 
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Generation  of  the  mannose  6-phosphate  recognition  marker  by  a 
two-step  reaction. 


proteolysis  and  heat  denaturation  (Lang  et  al.,  1984).  The  phosphotrans¬ 
ferase  appears  to  possess  not  only  a  catalytic  site  which  recognizes  the 
acceptor  oligosaccharide,  but  also  a  site  capable  of  recognizing  some 
common  feature  of  the  conformation  of  many  lysosomal  enzymes.  Recently, 
several  lysosomal  enzymes  have  been  cloned  and  sequenced  and  it  is  likely 
that  many  more  will  be  cloned  in  the  near  future  (Faust  et  al.,  1985; 
Fukushima  et  al.,  1985;  Myerowitz  et  al.,  1985;  Bishop  et  al.,  1986; 
Korneluk  et  al.,  1986;  Nishimura  et  al.,  1986;  Tsuji  et  al.,  1986;  Oshima 
et  al.,  1987) .  To  date,  however,  a  common  signal  for  processing  of  acid 
hydrolases  by  the  phosphotransferase  has  not  become  clear  from  the  sequence 
information.  The  application  of  the  techniques  of  molecular  biology  to 
this  question  will  undoubtedly  help  in  our  understanding  of  this  important 
feature  of  the  transport  of  lysosomal  enzymes. 


ACID  HYDROLASES  ARE  SEGREGATED  FROM  OTHER  GLYCOPROTEINS  IN  A  RECEPTOR- 
DEPENDENT  MANNER 

Following  exposure  of  the  M6P  marker,  lysosomal  enzymes  may  be  recog¬ 
nized  by  and  bind  to  the  PMR.  This  is  then  followed  by  their  segregation 
from  glycoproteins  bound  for  other  destinations  in  the  cell  or  for  secre¬ 
tion.  Prior  to  delivery  of  the  acid  hydrolases  to  the  lysosome,  dissoci¬ 
ation  of  ligand  from  the  receptor  occurs,  under  the  influence  of  an  acidic 
environment  (receptor-ligand  complexes  dissociate  rapidly  below  pH  5.7) 
(Fischer  et  al.,  1980a).  The  compartment  in  which  ligands  dissociate  from 
their  receptors  has  been  called  the  compartment  of  uncoupling  of  receptors 
and  ligand  (CURL)  (Geuze  et  al.,  1983).  It  has  been  suggested  that,  prior 
to  enzyme  delivery  to  the  lysosome,  the  ligand-receptor  complexes  become 
transiently  associated  with  the  plasma  membrane  and  subsequently  reinter¬ 
nalized,  since  acid  hydrolases  have  been  found  to  be  associated  with  the 
cell  surface  (von  Figura  and  Voss,  1979;  Geuze  et  al.,  1985).  However,  the 
growth  of  cells  in  culture  over  several  generations  in  the  presence  of 
mannose  6-phosphate  (which  should  promote  dissociation  of  ligand -receptor 
complexes  at  the  cell  surface)  does  not  result  in  lower  levels  of  lyso¬ 
somal  ly-associated  acid  hydrolases  (von  Figura  and  Weber,  1978;  Sly  et  al., 
1981).  Thus,  the  majority  of  acid  hydrolases  probably  reach  the  lysosome 
without  trafficking  through  the  plasma  membrane. 

Another  detail  in  this  transport  process  which  is  unclear  at  present  is 
the  exact  site  of  removal  of  ligand-receptor  complexes  from  the  Golgi  appa¬ 
ratus.  The  enzymes  concerned  with  the  addition  of  the  M6P  marker  are  lo¬ 
cated  in  the  els  portion  of  the  Golgi  (Pohlmann  et  al.,  1982;  Goldberg  and 
Kornfeld,  1983).  Theoretically,  diversion  of  acid  hydrolases  to  lysosomes 
could  occur  from  this  region.  Addition  of  the  M6P  marker  to  an  antenna  of 
an  oligosaccharide  side  chain  prevents  further  processing  of  that  antenna 
(Goldberg  et  al.,  1984).  It  has  been  shown  by  several  investigators  that 
acid  hydrolases  isolated  from  lysosomes  contain  complex-  or  hybrid-type 
oligosaccharides  (van  Elsen  and  Leroy,  1979;  Vladutiu,  1983)  and  this  was 
taken  as  evidence  that  the  enzymes  must  have  passed  through  the  trans  por¬ 
tion  of  the  Golgi  apparatus,  where  the  enzymes  responsible  for  the  assem¬ 
bly  of  these  types  of  oligosaccharides  are  located  (Dunphy  et  al.,  1981; 
Roth  and  Berger,  1982;  Goldberg  and  Kornfeld,  1983).  However,  a  problem 
with  these  experiments  was  the  possibility  that  the  presence  of  the  com¬ 
plex-  or  hybrid-type  oligosaccharides  in  lysosomally-associated  enzymes  was 
due  to  the  presence  in  lysosomes  of  acid  hydrolases  which  had  been  endocy- 
tosed  from  the  extracellular  environment.  To  address  this  possibility,  we 
have  recently  grown  cells  defective  in  B-galactosidase  activity  (and  there¬ 
fore  defective  in  one  of  the  initial  steps  in  the  lysosomal  degradation  of 
glycoproteins)  in  the  presence  of  M6P,  to  prevent  endocytosis  of  secreted 
enzymes  (Fedde  and  Sly,  1985).  The  lysosomes  of  such  cells  possess  acid 
hydrolases  in  which  the  carbohydrate  composition  is  very  similar  to  that 
found  in  secreted  acid  hydrolases  which  are  thought  to  have  passed  through 
the  trans  portion  of  the  Golgi  apparatus. 

It  seems,  then,  that  acid  hydrolases  may  in  fact  traverse  the  entire 
structure  of  the  Golgi  apparatus.  As  will  be  discussed  later,  this  sugges¬ 
tion  is  supported  by  immunocytochemical  observations  on  the  subcellular 
localization  of  acid  hydrolases  and  the  phosphomannosyl  receptor.  It  is 
not  clear,  however,  if  transport  through  the  trans  region  of  the  Golgi  is 
necessary  for  their  correct  sorting  to  lysosomes. 

In  lysosomes,  the  proforma  of  most  acid  hydrolases  are  proteolytically 
processed  to  yield  the  lower  molecular  weight  mature  forms.  These  process¬ 
ing  reactions  have  been  recently  reviewed  (Hasilik  and  von  Figura,  1984). 
The  significance  of  this  processing  is  not  clear.  It  may  be  that  it  serves 
to  activate  or  stabilize  seme  enzymes  in  the  lysosome. 
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Acid  hydrolases  which  fail  to  receive  the  M6P  marker  are  not  segregated 
to  the  lysosome  and  are  generally  secreted  through  the  constitutive  secre¬ 
tion  pathway,  as  is  a  small  proportion  of  enzymes  which  are  phosphorylated 
but  escape  segregation  by  the  PMR. 


A  SECOND  M6 P-DEPENDENT  PATHWAY  EXISTS  FOR  TRANSPORT  OF  ACID  HYDROLASES 

A  second  pathway  by  which  acid  hydrolases  may  be  transported  within  the 
cell  also  exists.  In  some  cells,  including  fibroblasts,  phosphomannosyl 
receptors  are  expressed  on  the  plasma  membrane.  These  cell  surface  recep¬ 
tors  are  capable  of  binding  M6P-containing  acid  hydrolases  present  in  the 
extracellular  medium.  These  enzymes  are  then  internalized  through  a  pro¬ 
cess  of  receptor-mediated  endocytosis.  Receptor  and  ligand  dissociate  in  a 
pre-lysosomal  acid  compartment.  The  ligand  is  transferred  to  the  lysosome 
and  the  receptor  recycles  to  the  cell  surface.  It  appears  that  the  plasma 
membrane  receptor  and  the  PMR  in  the  intracellular  pool  are  in  equilibrium 
with  each  other. 

It  is  not  clear  if  this  second  transport  pathway  is  vital  to  the  cell. 
One  case  in  which  it  appears  to  be  of  significance  in  maintaining  normal 
levels  of  acid  hydrolase  is  in  female  carriers  of  Hunter  disease.  This  is 
an  X-linked  lysosomal  disorder  which  is  the  result  of  a  deficiency  of 
iduronate  sulfatase.  Carriers  of  the  disorder  carry  two  populations  of 
cells,  one  of  which  is  defective  in  iduronate  sulfatase,  due  to  the  inact¬ 
ivation  of  the  X-chromosome  carrying  the  normal  allele.  The  phenotype  of 
the  carrier,  and  the  morphology  of  her  tissues,  are  normal,  however.  This 
has  been  explained  by  the  transfer  of  iduronate  sulfatase  from  normal  cells 
to  the  defective  cells  by  receptor-mediated  endocytosis  (McKusick  and 
Neufeld,  1983).  Similar  in  vitro  cross-correction  of  fibroblasts  deficient 
in  lysosomal  enzymes,  by  normal  fibroblasts,  was  of  importance  in  eluci¬ 
dating  the  receptor-mediated  transport  of  acid  nydrolases  (reviewed  in 
Creek  and  Sly,  1984). 

The  transport  of  acid  hydrolases,  both  from  the  plasma  membrane  and 
from  the  ER  to  the  lysosome,  is  represented  in  cartoon  fashion  in  Figure  2. 


TWO  PHOSPHOMANNOSYL  RECEPTORS 

The  identification  of  mannose  6-phosphate  as  the  common  recognition 
marker  on  many  lysosomal  hydrolases  prompted  the  search  for  a  protein  cap¬ 
able  of  binding  lysosomal  enzymes  in  an  M6P-specific  manner.  Two  such 
proteins,  termed  phosphomannosyl  receptors  (PMR),  have  now  been  identified 
and  purified  (Rome  et  al.,  1979;  Fischer  et  al.,  1980a;  Sahagian  et  al., 
1981;  Hoflack  and  Kornfeld,  1985a, b).  These  differ  from  each  other  in 
terms  of  binding  characteristics  and  molecular  weight  and  are  also  immuno- 
logically  unrelated.  The  cation-independent  PMR  has  a  molecular  weight  of 
215kD,  does  not  require  the  presence  of  cations  for  binding  activity  and 
recognizes,  in  addition  to  the  mannose  6-phosphate  monoester,  the  so-called 
"covered"  phosphates  (methylphosphomannosyl  diesters)  found  on  acid  hydro¬ 
lases  from  the  slime  mold  D;_  disooldeum  (Fischer  et  al.,  1980a;  Freeze  et 
al.,  1980;  Sahagian  et  al.,  1981;  Gabel  et  al.,  1984).  The  cation- 
dependent  receptor  shows  a  molecular  weight  of  46  kD,  has  an  absolute 
requirement  for  divalent  cations  for  binding  activity,  and  does  not  recog¬ 
nize  the  methylphosphomannosyl  moiety,  but  only  binds  the  phosphomonoesters 
(Hoflack  and  Kornfeld,  1985a, b).  The  cation-independent  PMR  was  the  first 
to  be  discovered  and  most  of  what  is  known  of  the  M6P-mediated  transport  of 
acid  hydrolases  is  derived  from  studies  of  this  receptor.  The  role  of  the 
cation-dependent  receptor  in  the  transport  of  acid  hydrolases  is  not  yet 
clear  and  will  not  be  further  discussed  in  this  article. 
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Figure  2.  The  mannose  6-phosphate-dependent  transport  of  acid  hydrolases  within  the  cell 


THE  CATION-INDEPENDENT  PMR 


The  cation-independent  PMR  is  an  integral  membrane  glycoprotein  with  a 
molecular  weight  of  215  kD  (Sahagian  et  al.,  1981).  It  appears  to  be  com¬ 
posed  of  a  single  polypeptide  chain,  though  there  is  one  report  of  it  being 
composed  of  subunits  of  lower  molecular  weight  (Mitchell  et  al.,  1984). 

The  C-terminal  portion  of  the  molecule  is  located  toward  the  cytosolic  side 
of  the  membrane,  while  the  lysosomal  enzyme  binding  site  of  the  receptor 
faces  the  luminal  or  extracellular  side  (Sahagian  and  Steer,  1985;  von 
Figura  et  al.,  1985).  Binding  of  acid  hydrolases  to  the  receptor  is  com¬ 
petitively  inhibited  by  M6P  and  by  the  phosphomonoester  phosphomannan  frag¬ 
ment  from  holstii  (Kaplan  et  al.,  1977).  Binding  is  specific  for  "high 
uptake"  forms  of  lysosomal  enzymes,  i.e.  prior  treatment  of  the  enzymes 
with  alkaline  phosphatase,  or  with  endoglycosidaae  H,  greatly  reduces  their 
binding  to  the  receptor  (Fischer  et  al.,  1980a, c).  Dissociation  of  bound 
enzymes  from  membrane  receptors  is  very  slow  at  neutral  pH  but  is  acceler¬ 
ated  by  addition  of  M6P  or  by  lowering  the  pH  to  levels  comparable  to  in- 
tralysosomal  pH  (Fischer  et  al.,  1980a). 

The  receptor  has  been  isolated  from  several  sources,  including  bovine 
liver  (Sahagian  et  al.,  1981),  Swarm  rat  chondrosarcoma  membranes  (Steiner 
and  Rome,  1982),  rat  liver  (Geuze  et  al.,  1984)  and  human  liver  (von  Figura 
et  al.,  1984).  Antibodies  have  been  raised  to  the  receptor  by  several  in¬ 
vestigators  (Sahagian  et  al.,  1982;  Creek  and  Sly,  1983;  Geuze  et  al., 

1984;  von  Figura  et  al.,  1984)  and  have  been  used  to  study  its  biosynthes¬ 
is,  turnover,  subcellular  location  and  role  in  the  transport  of  acid  hy¬ 
drolases.  In  monolayer  cultures  of  fibroblasts  and  of  CHO  cells,  the  re¬ 
ceptor  is  turned  over  slowly,  with  a  half-life  of  20-29  hours  (Creek  and 
Sly,  1983)  and  16  hours  (Sahagian  and  Neufeld,  1983)  respectively.  The 
site  of  degradation  is  not  known.  It  does  not  appear  to  occur  in  the  lyso- 
some  as  it  is  not  significantly  affected  by  incubation  of  cells  with  ammo¬ 
nium  chloride  (NH4CI),  leupeptin  or  saturating  concentrations  of  ligand 
(Creek  and  Sly,  1983).  It  does  seem  to  be  enhanced  on  treatment  of  fibro¬ 
blasts  with  certain  anti-receptor  antibodies  (von  Figura  et  al.,  1984; 
Gartung  et  al.,  1985;  our  unpublished  results). 

The  PMR  was  first  identified  as  a  cell  surface  receptor  which  facili¬ 
tated  the  uptake  of  acid  hydrolases  from  the  extracellular  medium.  Early 
studies  of  the  receptor  emphasized  its  role  in  pinocytosis,  but  more  re¬ 
cently  the  central  importance  of  the  receptor  in  targeting  newly  synthe¬ 
sized  acid  hydrolases  to  lysosomes  has  been  shown. 


SUBCELLULAR  LOCATION  OF  THE  PMR 

The  subcellular  location  of  the  receptor  has  been  studied  using  sub- 
cellular  fractionation  of  cells  or  tissues,  followed  by  examination  of 
membranes  for  M6P-dependent  binding  of  ligands.  In  both  human  fibroblasts 
and  rat  liver,  only  10-20%  of  receptors  are  found  on  the  plasma  membrane 
with  the  remainder  being  intracellular.  In  rat  liver,  the  intracellular 
location  was  reported  to  be  mainly  in  the  ER,  Golgi  apparatus,  and  lyso¬ 
somes  (80,  7  and  5%  respectively)  with  negligible  amounts  in  nuclei  and 
mitochondria  (Fischer  et  al.,  1980b). 

Several  groups  have  looked  at  the  subcellular  distribution  of  the 
receptor  by  immunocytochemical  methods.  While  confirming  the  presence  of 
the  majority  of  the  PMR  in  intracellular  locations,  these  latter  investi¬ 
gations  have  yielded  contradictory  evidence  to  some  extent. 

Using  an  immunoperoxidase  technique,  Brown  and  Farquhar  (1984)  local¬ 
ized  the  PMR  to  the  Golgi  cisternae,  coated  vesicles,  endosomes  and  lyso- 
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semes.  However,  with  the  Golgi  apparatus,  the  PMR  was  restricted  in  dis¬ 
tribution  to  one  or  two  cisternae  on  the  cis  side  of  the  stacks  and  was  not 
found  in  the  trans  region  or  in  GERL.  Based  on  the  high  concentration  of 
the  receptor  at  the  cis  face  of  the  Golgi  apparatus,  they  proposed  that  it 
is  in  this  region  that  the  segregation  of  lysosomal  enzymes  from  secretory 
proteins  occur.  Using  a  colloidal  gold-protein  A  labeling  technique,  Geuze 
et  al.  (1984)  found  the  receptor  in  the  plasma  membrane,  in  coated  pits  and 
coated  vesicles,  in  CURL  and  throughout  the  Golgi  complex.  An  essentially 
similar  distribution  of  PMR  in  CHO  cells  had  been  reported  by  Willingham  et 
al.  (1983).  In  addition,  Geuze  et  al.  (1984)  showed  that  the  lysosomal 
enzyme,  cathepsin  0,  co-localized  with  the  PMR  throughout  the  Golgi  cister¬ 
nae.  They  con-cluded  from  these  results  that  lysosomal  enzymes  traversed 
the  entire  Golgi  complex  en  route  to  lysosemes. 

The  reasons  for  the  discrepancy  in  the  ultrastructural  looation  of  the 
PMR  are  not  clear  at  present.  It  may  be  a  reflection  of  the  different  la¬ 
beling  techniques  or  antibody  preparations  used  by  the  different  investi¬ 
gators.  In  any  case,  it  is  important  to  resolve  the  discrepancy  in  order 
to  further  define  the  site  of  PMR  binding  to  lysosomal  enzymes  and  the  site 
of  segregation  of  the  latter  from  the  secretory  pathway. 


RECYCLING  OF  PHOSPHOMANNOSYL  RECEPTORS 

During  pinocytosis  of  lysosomal  enzymes  by  fibroblasts,  the  number  of 
molecules  of  ligand  Internalized  fhr  exceeds  the  number  of  cell  surface 
receptors.  Calculations  based  on  the  maximum  rate  of  uptake  of  ligand  and 
on  the  amount  of  enzyme  maximally  bound  to  the  cell  surface  suggested  that 
under  these  conditions,  receptors  must  be  replaced  or  reutilized  every  five 
minutes  (Gonzalez-Norlega  et  al.,  1 980 ;  Rome  et  al.,  1979).  A  constant 
rate  of  enzyme  uptake  was  maintained  even  when  cells  were  incubated  with 
eyoloheximide  for  up  to  three  hours,  suggesting  that  synthesis  of  new  re¬ 
ceptors  was  not  necessary,  and  that  either  a  very  large  pool  of  intracell¬ 
ular  receptors  existed  (containing  at  least  36  times  the  number  present  on 
the  cell  surface)  or  that  receptors  were  re-utilized  (Gonzalez-Noriega  et 
al.,  1980).  Examination  of  the  binding  of  ligand  to  cell  surfaces  and  to 
total  cellular  membrane  preparations  has  shown  that  there  is  in  fact  an 
intracellular  pool  of  receptor  (Fischer  et  al.,  1980a).  The  size  of  this 
pool,  however,  is  Inadequate  to  explain  the  observed  level  of  enzyme  inter¬ 
nalization  without  invoking  re-utilization  of  receptors. 

The  long  half-life  of  the  receptor  suggested  that  receptor  re-utiliza- 
tion  also  occurred  following  delivery  of  newly  synthesized  acid  hydrolases 
to  lysosomes.  Brown  et  al.  (1986)  have  provided  direct  evidence  for  such 
re-utilization,  by  immunocytochemlcal  means. 


AMINES  INHIBIT  RECYCLING  OF  PMR 

The  treatment  of  normal  fibroblasts  with  lysosomotropic  amines,  such  as 
chloroquine  or  ammonium  chloride,  has  provided  much  information  on  the 
mechanism  of  receptor  re-utilization.  Treatment  of  fibroblasts  with  NH4CI 
has  three  effects  on  the  cells:  (1)  greatly  enhanced  secretion  of  newly 
synthesized  acid  hydrolases;  (2)  depletion  of  enzyme  binding  sites  at  the 
cell  surface;  and  (3)  inhibition  of  pinocytosis  of  exogenous  enzyme 
(Gonzalez-Noriega  et  al.,  1 980 ) .  Only  the  third  effect  was  seen  in  I-cell 
fibroblasts.  These  amines  cause  an  elevation  of  the  pH  of  acidic  compart¬ 
ments  such  as  endosomes  and  lysosemes  (De  Duve  et  al.,  1974;  Ohkuma  and 
Poole,  1978).  The  observed  pH  dependence  of  acid  hydrolase-PMR  binding 
(Fischer  et  al.,  1980a)  suggested  a  mechanism  whereby  amines  act.  Accord¬ 
ing  to  this  model,  in  amine-treated  cells,  receptors  become  "trapped”  be- 
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cause  they  are  unable  to  dissociate  from  their  ligands  and  therefore  are 
not  able  to  recycle.  Both  pathways  of  enzyme  transport,  from  the  plasma 
membrane  to  lysosomes  and  from  the  ER  and  Qolgi  apparatus  to  lysosomes, 
were  disrupted  by  these  amines,  suggesting  the  involvement  of  acid  compart¬ 
ments  in  both  of  these  processes. 

Further  evidence  of  the  importance  of  acidic  compartments  in  the 
recycling  of  PMR  came  from  studies  of  mutant  cells  which  are  defective  in 
the  ability  to  acidify  their  endosones  (Robbins  et  al.,  1983;  Sly  et  al., 
1983).  These  cells  are  deficient  in  the  uptake  of  lysosomal  enzymes  via 
cell  surface  PMR.  They  also  show  decreased  PMR  activity  reflected  in 
enhanced  secretion  of  acid  hydrolases  into  the  medium,  with  decreased 
intracellular  levels  of  these  enzymes.  Brown  et  al.  (1984,  1986)  have 
provided  visual  evidence,  using  lmmunocytochemiatry,  of  the  "trapping"  of 
receptors  by  showing  a  redistribution  of  PMR  along  the  sorting  pathway  in 
amine-treated  cells  and  their  accumulation  at  the  presumptive  delivery 
site.  Both  these  studies  and  those  of  Gonzalez-Noriega  et  al.  (1980) 
suggested  that  ligand-binding  by  receptors  triggers  movement  of  receptor- 
ligand  complexes  to  endoscmes  or  lysosomes  and  that  ligand  dissociation 
triggered  the  return  of  receptors  to  the  sorting  areas  of  the  cell  (Golgi 
apparatus  and  plasma  membrane).  The  defective  sorting  of  acid  hydrolases 
in  cells  deficient  in  endosome  acidification  suggested  that  the  endosome 
might  be  the  site  of  dissociation  of  ligand  from  receptor.  Recently,  Brown 
et  al.  (1986)  have  identified  the  delivery  site  for  newly  synthesized  acid 
hydrolases  as  an  endosome  rather  than  a  lysoscme,  and  have  shown  that  M6P- 
induced  ligand  dissociation  can  trigger  PMR  recycling,  even  in  amine- 
treated  cells. 


ANTIBODIES  INHIBIT  THE  FUNCTION  OF  THE  PMR 

Antibodies  to  the  PMR  have  been  shown  to  inhibit  both  functions  of  the 
PMR  (Creek  et  al.,  1983;  Creek  and  Sly,  1 983 ;  von  Figura  et  al.,  1984; 
Gartung  et  al,,  1985).  In  antibody-treated  cells,  pinocytosis  of  acid 
hydrolases  is  decreased  and  the  sorting  of  newly  synthesized  acid  hydro¬ 
lases  is  disrupted,  as  reflected  in  the  enhanced  secretion  of  precursor 
acid  hydrolases  into  the  medium.  The  mechanism  of  inhibition,  however, 
seems  to  depend  on  the  particular  antibody  used.  Von  Figura  and  co-workers 
have  shown  that  their  antibody  inhibits  ligand  binding  by  the  receptor  and 
that  this  can  account  for  the  observed  inhibition  of  function  (Gartung  et 
al.,  1985).  We  have  found  that  our  antibody  does  not  significantly  affect 
binding  of  ligand  by  the  PMR  (unpublished  results).  Rather  it  seems  that 
cross-linking  of  receptors  by  antibody  prevents  normal  recycling  of  the 
receptor  to  the  sorting  sites,  such  that  the  cell  surface  is  depleted  of 
receptors  and  the  intracellular  receptor  is  redistributed  from  its  normal 
ER/Golgi  location  to  a  more  distal  site  along  the  sorting  pathway,  pre- 
3isnably  similar  to  the  endosome  delivery  site  observed  in  NHjjCl-treated 
cells  (Brown  et  al.,  1986).  This  interpretation  was  supported  by  the  fact 
that  monovalent  anti-PMR  Fab  fragments  were  less  inhibitory  than  intact 
anti-PMR  IgG,  but  that  their  effectiveness  in  inhibition  could  be  increased 
by  incubation  of  Fab  fragment-treated  cells  with  a  second  cross-linking 
antibody,  which,  by  itself,  had  no  effect  on  the  function  of  the  PMR. 

Antibodies  to  the  PMR  may  be  useful  as  reagents  with  which  to  study  the 
transport  of  acid  hydrolases.  For  example,  anti-receptor  antibodies  might 
affect  the  sorting  of  individual  lysosomal  enzymes  to  different  extents. 

It  would  also  be  of  interest  to  compare  the  effects  of  antibodies  to  the 
cation-independent  PMR  with  those  of  antibodies  raised  to  the  cation- 
dependent  receptor  on  acid  hydrolase  sorting,  in  an  attempt  to  study  the 
contribution  of  both  of  these  receptors  to  targeting. 
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Table  I.  Questions  which  need  to  be  addressed  regarding  the 
transport  of  acid  hydrolases  to  lysosomes. 


1 .  What  is  the  basis  for  the  recognition  of 
numerous  acid  hydrolases  by  the  phospho¬ 
transferase? 

2.  Where  are  newly  synthesized  acid  hydrolases 
segregated  from  proteins  destined  for 
secretion? 

3.  What  are  the  signals  involved  in  the  direc¬ 
tion  of  receptor-ligand  complexes  from  one 
compartment  to  the  next  in  the  transport 
pathways? 

4.  Following  receptor-ligand  dissociation,  how 
are  receptors  and  ligands  differentially 
targeted,  with  ligands  being  delivered  to 
lysosomes  and  receptors  continuing  to 
recycle? 

5.  What  are  the  relative  contributions  of  the 
cation-independent  and  cation-dependent 
phosphomannosyl  receptors  in  the  transport 
of  acid  hydrolases? 

6.  What  is  the  nature  of  the  mannose  6- 
pbosphate  independent  pathway  of  trans¬ 
porting  acid  hydrolases? 


AN  M6P-INDEPENDENT  PATHWAY  OF  TRANSPORT  OF  ACID  HYDROLASES  MUST  ALSO  EXIST 

It  is  evident  that  a  pathway  of  transport  of  acid  hydrolases  which  is 
independent  of  M6P  must  also  exist.  This  has  come  from  the  study  of  I-cell 
fibroblasts.  As  mentioned  above,  these  cells  are  defective  in  the  synthe¬ 
sis  of  the  M6P  marker.  The  lysosomes  in  these  cells  are  deficient  in  the 
majority  of  acid  hydrolases.  Some  lysosomal  enzymes,  however,  are  present 
at  relatively  high  levels  in  these  cells,  and  it  seems  that  these  must  be 
targeted  by  an  alternate  pathway  (Hasilik  and  Neufeld,  1980;  Lemansky  et 
al.,  1985).  Other  tissues  in  patients  with  I-cell  disease  have  normal 
levels  of  lysosomal  enzymes  in  spite  of  the  deficiency  of  the  phosphotrans¬ 
ferase  (Owada  and  Neufeld,  1982;  Waheed  et  al.,  1982b).  There  is  also  evi¬ 
dence  that  membrane-associated  lysosomal  enzymes  are  transported  in  an  M6P- 
independent  manner  (Tager,  1985).  At  present,  there  is  no  information 
available  on  the  nature  of  this  alternative  pathway. 


SUMMARY 

The  role  of  the  mannose  6-phosphate  recognition  marker  and  the  phospho- 
aannosyl  rec-  ^tor  la  the  lntraoellular  transport  of  acid  hydrolases  is  well 
established.  Several  details  of  the  process,  however,  are  presently  un¬ 
clear  and  warrant  further  investigation  (Table  1).  The  development  of  in 
vitro  systems  for  the  reoonstitution  of  receptor-mediated  endocytosis  and 
intracellular  transport,  together  with  the  application  of  the  techniques  of 
aoleoular  biology  to  this  field,  should  lead  to  major  advances  in  our  un¬ 
derstanding  of  the  targeting  of  enzymes  to  lysosomes. 
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INTRODUCTION 

On  first  sight  a  paper  on  mast  cell  signalling  processes  would  seem 
to  be  out  of  place  amongst  contributions  which  are  mainly  concerned  with  T 
cell  receptor-ligand  interactions.  As  I  hope  will  become  apparent,  how¬ 
ever,  our  observations  on  the  manner  in  which  IgE  antibodies  initiate  the 
release  of  mediators  of  immediate-type  allergy  from  mast  cells  could  be 
more  than  a  little  relevant  to  a  better  understanding  of  T  cell  recognition 
2nd  trigger  processes. 

Our  long  term  objective  has  been  to  define  the  precise  role  of  ana¬ 
phylactic  antibodies  of  the  IgE  class  in  the  sensitisation  and  subsequent 
triggering  of  mast  cells  in  response  to  allergen  challenge  with  the 
ultimate  aim  of,  hopefully,  devising  more  effective  anti-allergy  compounds. 

Initially,  we  adopted  a  fragmentation  approach,  using  both  proteolytic 
and  chemical  cleavage  products  of  the  first  to  be  discovered  myeloma  form 
of  IgE  in  inhibition  PK  (Stanworth  et  al,  1968)  and  PCA  (Stanworth,  1973) 
tests  aimed  at  establishing  the  location  of  the  site(s)  through  which  the 
sensitising  antibody  binds  to  the  mast  cell  plasma  membrane.  These  stu¬ 
dies  provided  the  first  evidence  for  the  presence  of  Fc  receptors  on  mast 
cells.  Interestingly,  we  have  shown  recently  (Coleman  et  al,  1985)  that 
a  human  immunoglobulin  e-chain  fragment  synthesised  in  Escherichia  coli  as  a 
result  of  gene  cloning  is  likewise  capable  of  blocking  the  binding  of  IgE 
to  receptors  on  human  mast  cells  (lung)  in  vitro. 

But,  there  are  obvious  limitations  to  the  use  of  cleavage  procedures 
in  attempts  to  retrieve  active  fragments  of  immunoglobulins  in  which 
particular  Fc  functional  activities  have  survived.  For  this  reason,  some 
years  ago  we  turned  to  an  alternative  strategy,  namely,  the  synthesis  of 
peptides  representative  of  continuous  amino  acid  sequences  constituting 
putative  Fc  effector  sites.  Moreover,  we  have  recently  been  extending 
this  approach  to  the  production  of  specific  antisera  (both  polyclonal  and 
monoclonal)  against  the  synthetic  Fc  region  peptides,  thereby  providing  an 
additional  means  of  probing  the  structure  of  this  part  of  the  IgE  mole¬ 
cule,  and  the  manner  in  which  it  interacts  with  receptors  on  mast  cells 
and  initiates  the  release  of  mediators  of  inflammation. 
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DELINEATION  OF  THE  ROLE  OF  THE  ANTIBODY  IN  THE  ELICITATION  OF  MEDIATOR 
RELEASE  FROM  MAST  CELLS 

IgE  antibody  molecules  are  involved  at  two  consecutive  stages  in  the 
elicitation  of  release  of  mediators  of  immediate- type  allergic  reactions 
from  mast  cells.  Firstly,  in  bringing  about  sensitisation  of  the  effector 
cells  by  binding  with  high  affinity  to  Fc  receptors  (FceR)  on  their  plasma 
membranes.  Secondly,  in  facilitating  the  initiation  of  endocytosis  of  the 
mast  cell  granules,  with  the  non-cytoly tic  secretion  of  various  formed  and 
non-formed  mediators,  following  the  cross-linking  of  adjacent  cell  bound 
antibody  molecules  by  antigen  (allergen) . 

Short  chain  peptides  representative  of  continuous  £ -chain  amino  acid 
sequences  have  been  employed  in  attempts  to  identify  and  structually 
characterise  those  Fc  effector  sites  which  are  implicated  in  the  expres¬ 
sion  of  these  complementary  functions  of  anaphylactic  antibodies  of  the 
IgE  class. 

1.  Characterisation  of  an  Fc  effector  site  capable  of  providing  a 
triggering  signal  to  IgE  sensitised  mast  cells 

A  popular  concept  of  the  immunological  triggering  of  mast  cells, 
particularly  prominent  in  the  USA,  is  that  the  IgE  antibody  molecule  plays 
a  passive  role,  merely  acting  as  a  link  through  which  the  allergen  brings 
about  cross-linking  of  the  Fc(e)R.  This  conclusion  is  based  on  the 
observation  (Ishizaka  and  Ishizaka,  1978)  that  anti-FceR  antibody  is 
likewise  capable  of  effecting  mediator  secretion.  In  contrast,  I  have 
hypothesised  (Stanworth,  1971,  1973)  that  the  antibody  is  actively 
Involved  in  the  elicitation  of  mediator  release,  by  providing  a  triggering 
signal  to  a  second  (ie  other  than  FceR)  "receptor"  on  the  mast  cell  plasma 
membrane . 

In  order  to  obtain  experimental  evidence  in  support  of  this  idea, 
structure-activity  studies  were  initially  performed  on  model  histamine 
releasing  polypeptides,  synthetic  ACTH  analogues  and  melittin  cleavage 
fragments;  the  capacity  of  these  ligands  to  elicit  histamine  release  from 
purified  normal  rat  peritoneal  mast  cells  in  vitro  being  determined  by 
automated  spectrof luorometric  assay  (Jasani  et  al,  1973,  1979).  The 
finding  indicated  that  the  cluster  of  basic  amino  acids  in  these  two 
polypeptides  (Lys-Lys-Arg-Arg  in  ACTH,  and  Lys-Arg-Lys-Arg  in  melittin) 
was  an  essential  requirement  for  direct  mast  cell  triggering  activity, 
which  was  enhanced  by  the  presence  of  neighbouring  hydrophobic  residues 
and  the  blocking  of  the  C-terminal  carboxyl  group  (eg  by  amidation); 
whereas,  on  the  other  hand,  the  presence  of  a  free  C-terminal  carboxyl 
group  or  nearby  dicarboxylic  acid  residues  led  to  a  considerable 
diminution  in  histamine  releasing  activity.  Moreover,  further  studies  on 
analogues  of  a  synthetic  peptide  intermediate  with  potent  histamine 
releasing  activity  indicated  that  there  was  a  stereo  selectivity  of  this 
form  of  ligand  (Roy  et  al,  1980).  This  was  interpreted  as  evidence  that 
the  so-called  second  "receptor"  on  mast  cells  resembled  a  polypeptide 
hormone  receptor.  But,  as  will  become  apparent,  subsequent  experimental 
evidence  has  suggested  that  this  is  not  a  conventional  type  of  receptor. 

Armed  with  this  information  on  the  likely  structural  characteristics 
of  an  IgE  antibody  mast  cell  triggering  effector  site,  it  was  of  con¬ 
siderable  interest  to  inspect  the  complete  amino  acid  sequence  of  the 
Fc  region  of  human  IgE  (reported  by  Bennich  and  Bahr-Lindstrom,  1978) 
and  ascertain  whether  any  continuous  part  of  the  e-chains  fulfilled  such 
requirements.  The  sequence  spanning  residues  496-506  within  the  0^4 
domains  (viz,  Arg-Lys-Thr-Lys-Gly-Ser-Gly-Phe-Phe-Val-Phe)  was  the  only 
one  which  showed  such  structural  features,  and  the  additional  one  of 
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Figure  1.  Postulated  manner  in  which  a  conformational  change,  brought  about 
within  mast  cell  IgE  antibody  molecules  as  a  result  of  bridging 
by  specific  allergen,  could  lead  to  the  triggering  of  a  "second 
receptor"  on  the  plasma  membrane  (reproduced  from  Stanworth, 
1971). 


accessibility,  inasmuch  as  it  was  not  close  to  a  cysteine  residue 
(involved  in  disulphide  bridging).  Consequently,  short  chain  peptides 
composed  of  sequences  representative  of  this  region  of  the  human  e-chain 
were  synthesised  (at  that  time  by  classical  procedures),  and  tested  over 
suitable  dose  ranges  for  their  ability  to  elicit  non-cy tolytic  release  of 
histamine  from  purified  rat  mast  cells  in  vitro.  An  oetapeptide  (496- 
504),  a  nonapeptide  and  a  decapeptide  (497-506)  all  showed  dose-dependent 
histamine  release  over  a  peptide  concentration  range  of  l-100pXM  in  a  manner 
which  manifested  many  of  the  features  of  the  IgE  antibody-allergen  induced 
mediator  release  process  (Stanworth  et  al,  1979). 

Detailed  structure-activity  studies  (Stanworth  et  al,  1984)  have 
been  subsequently  undertaken  on  a  whole  range  of  peptides  incorporating 
this  region  of  the  human  e-chain,  and  various  analogues,  synthesised  by 
the  solid  phase  procedure  of  Merrifield  et  al  (1963);  on  this  occasion  5- 
hydroxy  tryptamine  release  (which  parallels  histamine  release)  was 
measured,  by  means  of  a  radio-isotopic  technique.  These  observations 
confirmed  and  extended  our  earlier  findings  from  the  model  peptide 
studies,  providing  valuable  information  on  the  precise  structural  re¬ 
quirements  for  the  direct  elicitation  of  mediator  release.  As  will  be 
seen  from  Figure  2,  the  essential  structural  features  of  this  ligand  are 
a  positively  charged  (i.e.  cationic)  amino  acid  "head"  separated  by  three 
residues  from  a  hydrophobic  "tail".  Significantly,  such  structural  char¬ 
acteristics  are  not  found  in  the  corresponding  Fc  regions  of  the  other 
four  human  immunoglobulin  classes.  They  are,  however,  very  similar  to 


e-Chain  peptide 


Substance  P 


Lys-Thr-Lys-lGly-Ser-Gly-Jphe-Phe-Vai-Phe-NH^ 

I  I 

I  I 

Arg-Pro-Lys-jPro-Gln-Gln-iPhe-Phe-Gly-Leu-Met-NH^ 
- 1  I - 


Figure  2.  Comparison  of  the  primary  structures  of  substance  P  and  the 

histamine-releasing  synthetic  e-chain  decapeptide,  showing  them 
both  to  possess  cationic  N-terminal  regions  and  hydrophobic  C- 
terminal  regions. 
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those  of  substance  P,  a  neuropeptide  which  is  released  from  primary 
afferent  neurones  in  response  to  antidromic  impulses  and  is  capable  of 
eliciting  histamine  release  from  neighbouring  mast  cells  (manifested  as  a 
flare  response  in  skin  reactions),  as  will  also  be  seen  from  Figure  2. 

It  is  of  interest  to  speculate  on  the  possible  mode  of  action  of  such 
peptide  ligands  on  the  mast  cell  plasma  membrane.  One  might  expect, 
perhaps,  that  the  hydrophobic  C-terminal  "tail"  would  readily  insert  into 
the  lipid  bilayer,  leaving  the  cationic  N-terminal  region  within  the  polar 
environment  on  the  exterior  of  the  cell  membrane  where  it  could  interact 
electrostatically  with  polar  membrane  components,  thereby  affording  a 
triggering  signal.  It  was  fascinating  to  find,  therefore,  that  there  was 
a  close  correlation  between  the  capacity  of  different  e-chain  peptides 
to  initiate  5-HT  release  from  isolated  rat  mast  cells  and  to  insert  into 
a  model  erythrocyte  membrane  system,  as  indicated  by  their  capacity  to 
reduce  the  rotational  diffusion  of  band  3  protein  (Dufton  et  al,  1984). 

In  the  light  of  these  observations,  it  was  important  to  try  and 
establish  whether  the  region  within  the  human  IgE  CH4  domain  of  which  the 
mast  cell  triggering  peptide  is  representative  is  likely  to  be  accessible 
in  the  native  immunoglobulin  molecule.  Unfortunately,  no  X-ray  crys¬ 
tallographic  data  are  available  yet  on  IgE.  But,  by  assuming  that  the 
3-dimensional  conformation  of  the  human  Cf4  domain  resembles  that  of  the 
Ce3  domain,  it  has  been  possible  by  use  of  computer  graphics  to  throw 
some  light  on  this  question.  This  approach  reveals  that  a  considerable 
portion  of  the  e-chain  sequence  497-506,  and  particularly  the  N  terminal 
cationic  region,  is  likely  to  be  accessible  in  the  free  monomeric  IgE 
molecules  (Stanworth,  1984).  But,  of  course,  it  is  possible  that  the 
bridging  of  mast  cell  bound  IgE  antibody  molecules  by  allergen  would 
result  in  changes  in  their  conformation,  rendering  this  part  of  the  CE4 
domains  even  more  accessible.  Moreover,  it  is  not  inconceivable  that 
such  a  peptide  would  be  selectively  cleaved  out  of  the  IgE  molecules'  Fc 
regions  by  a  mast  cell  membrane  ectoprotease ,  activated  as  a  result  of 
bridging  by  allergen. 


2.  Characterisation  of  binding  sites  within  the  IgE  molecule 

As  mentioned  in  the  Introduction,  the  availability  of  the  firstly 
discovered  myeloma  form  of  human  IgE  enabled  us  to  perform  both  PK  and 
PCA  inhibition  studies  with  proteolytic  and  chemical  cleavage  fragments. 

Of  these,  only  whole  Fc  fragment  (injected  24  hours  prior  to  the  sensi¬ 
tising  serum)  brought  about  completed  Inhibition  of  the  subsequent  binding 
of  reaginic  antibodies  to  the  normal  recipients'  skin  mast  cells  (Stanworth 
et  al,  1968).  But,  as  was  speculated  at  that  time,  if  we  had  succeeded 
in  showing  that  a  smaller  Fc  sub-fragment  was  likewise  inhibitory,  it 
would  have  been  possible  that  a  synthetic  peptide  of  similar  amino  acid 
sequence  could  be  developed  as  a  potentially  new  form  of  anti-allergy 
compound. 

It  was,  therefore,  surprising  to  find  some  years  later  that  Hamburger 
(1975)  claimed  to  have  accomplished  this,  in  producing  a  synthetic  peptide 
representative  of  a  human  CH2  domain  sequence  (Asp-Ser-Asp-Pro-Arg)  which 
was  capable  of  inhibiting  the  binding  of  IgE  to  human  skin  mast  cells  in 
vitro  and  to  human  basophils  in  vitro.  But,  although  our  own  laboratory 
succeeded  in  confirming  the  in  vitro  inhibition  results,  and  in  demon¬ 
strating  similar  inhibition  of  IgE  mediated  PCA  x  actions  in  baboons 
(Stanworth  et  al,  1978),  using  a  pentapeptide  synthesised  independently 
in  Birmingham,  we  felt  that  the  partial  blocking  observed  (by  injecting 
relatively  high  doses  of  peptide  into  the  norma1  recipients'  skin  4  hours 
prior  to  the  sensitising  serum)  was  attributable  to  a  non-specific  effect. 
This  interpretation  of  the  apparent  ability  of  the  pentapeptide  to  block 
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the  binding  of  IgE  to  Fc  receptors  on  mast  cells  is  now  widely  accepted. 
Yet,  Hamburger  has  gone  on  to  organise  chemical  trials  of  the  efficacy  of 
the  pentapeptide  in  the  treatment  of  hayfever  and  has  recently  reported 
data  from  one  such  double  blind  placebo-controlled  trial  in  96  allergic 
rhinitis  patients  (Dennis  et  al,  1986)  which  purport  to  provide  evidence 
that  six  weeks'  treatment  with  the  pentapeptide  alleviates  the  patients' 
stuffy  nose  symptom. 

We  have  adopted  a  more  systematic  approach  in  using  synthetic  e-chain 
peptides  in  an  attempt  to  define  precisely  the  structural  basis  of  the 
mast  cell  Fc(e)R  binding  sites  within  the  IgE  molecule.  Initially,  we 
have  been  focussing  our  attention  on  rat  IgE,  using  purified  rat  per¬ 
itoneal  mast  cells  as  targets  in  IgE  binding-inhibition  studies.  Moreover, 
as  studies  undertaken  in  several  laboratories  based  on  enzymatic  cleavage 
(Dorrington  and  Bennich,  1978)  and  the  use  of  other  procedures  (Perez- 
Montfort  and  Metzger,  1982;  Holowka  and  Baird,  1983)  suggest  that  the 
mast  cell  Fc(e)R  binding  site(s)  is  located  in  the  CH3  and/or  CH4  domains 
of  IgE,  we  have  synthesised  peptides  composed  of  certain  continuous 
amino  acid  sequences  within  these  regions  of  the  rat  (and,  more  recently, 
human)  IgE  molecule.  We  have  also  been  producing  antibodies,  both  poly¬ 
clonal  and  monoclonal,  against  these  peptides,  to  serve  as  additional 
structural  probes. 

The  sequences  were  chosen  from  the  primary  structure  of  rat  IgE  heavy 
chain,  which  had  been  deduced  from  the  nucleotide  sequence  of  the  mRNA 
coding  for  this  immunoglobulin  (reported  by  Heilman  et  al,  1982).  The 
basic  criterion  for  their  selection  was  that  they  should  be  well  exposed 
on  the  surface  of  the  intact  Fc  dimer.  Consequently,  sequences  incor¬ 
porating  a  high  number  of  polar  amino  acids  likely  to  be  accessible  to 
aqueous  solvent  molecules  were  synthesised  by  the  solid  phase  procedure 
using  t-Boc  amino  acid  derivatives.  Moreover,  as  the  precise  tertiary 
structures  of  the  rat  IgE  domains  are  not  yet  known,  here  too  it  was  neces¬ 
sary  to  extrapolate  from  the  known  3-dimensional  structure  of  human  AlgGl 
(revealed  by  the  X-ray  crystallographic  studies  of  Deisenhofer,  1981)  in 
predicting  the  likely  spatial  configurations  of  hydrophobic  sequences 
within  the  rat  Ce4  and  CE3  domains.  Another  criterion  for  their  selection 
which  we  adopted  was  the  avoidance  of  sequences  involved  in  lateral  CH4- 
CH4  domain  contact. 

Seven  different  rat  IgE  sequences  (listed  in  Table  1)  have  thus  been 
selected  and  synthesised,  and  antisera  have  been  raised  to  them  in  rabbits 
following  their  coupling  to  carrier  KLH  by  use  of  glutaraldehyde  (as 
described  in  Burt  et  al,  1986).  The  specificities  of  the  antisera,  and 
their  reactivities  with  rat  IgE,  have  been  confirmed  by  indirect  and 
inhibition  ELISA.  Each  rabbit  immunised  with  peptide-KLH  conjugate 
produced  antisera  which  reacted  specifically  with  the  immunising  peptide 
down  to  very  high  dilutions  (ie.  titres  of  >1/62,500),  but  not  with  other 
synthetic  rat  c-chain  peptides  of  similar  length.  Both  the  synthetic 
peptides  themselves,  and  the  anti-peptide  antisera,  have  been  used  to 
delineate  the  extent  of  that  region  in  the  rat  IgE  molecule  which  binds 
to  Fc(e)R  on  mast  cells  by  determining,  for  instance,  their  ability  to 
compete  with  the  binding  of  radio-labelled  rat  IgE  to  purified  serosal 
mast  cells.  Whilst  the  antisera  have  also  been  tested  for  an  ability  to 
elicit  the  release  of  histamine  from  IgE  sensitised  mast  cells  (by 
mimicking  the  cross-linking  stimulus  of  specific  antigen). 

Four  out  of  the  seven  synthetic  e-chain  peptides  tested  (represent¬ 
ative  of  sequences  Ser4 14-Arg428  in  the  CH3  domain  and  Tyr459-Arg472 , 
Leu491-Ser503  and  His542-Lys557  in  the  CH4  domain)  proved  capable  of 
inhibiting  significantly  the  binding  of  I^25_jg£  to  mast  cells  in  vitro. 
Intriguingly ,  these  are  representative  of  those  same  sequences  which 
become  more  accessible  to  reaction  with  the  corresponding  anti-peptide 
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Table  1.  Rat  e-chain  sequences  which  have  been  synthesised  and  used  to 
produce  specific  anti-peptide  antibodies. 


Peptide  No 

Domain 

Sequence 

130 

ch3 

NH2~Glu-Ser-Glu-Asn-Ile-Thr-Val-Thr-Trp-Val- 

Arg-Glu-Arg-Lys-Lys-Ser-Ile-Gly-NH2 

129 

ch3 

Nl^-Tyr-Ser-Ile-Leu-Pro-Val-Asp-Ala-Lys-Asp- 

Trp-Ile-Glu-Gly-Glu-Gly-NH2 

124 

ch4 

NH2-Tyr-Val-Phe-Leu-Pro-Pro-Glu-Glu-Glu-Glu- 

Lys-Asp-Lys-Arg-NH2 

128 

ch4 

NH2-Try-Leu-Gln-Asp-Ser-Lys-Leu-Ile-Pro-Lys- 

Ser-Glu-His-Ser-NH2 

122 

ch4 

NH2-Try-Arg-Leu-Glu-Val-Thr-Lys-Ala-Leu-Trp- 

Thr-Gln-Thr-Lys-Gln-NH2 

123 

ch4 

NH2-His-Glu-Ala-Leu-Arg-Lys-Glu-Pro-Arg-Lys- 

Leu-Glu-Arg-Thr-Ile-Ser-Lys-NH2 

131 

ch4 

NH2~Gly-Asn-Thr-Ser-Leu-Arg-Pro-Ser-Glu-Ala- 

Ser-Met-NHZ 

antisera  as  a  result  of  heating  the  IgE  in  solution  at  56°C  for  one  hour 
(see  Table  2),  treatment  which  is  known  to  abrogate  the  cytophilic 
activity  of  IgE  for  mast  cells  (Stanworth  and  Kuhns,  1965).  The  impli¬ 
cation  of  these  findings  (reported  in  Stanworth  and  Burt,  1985)  is  that 
the  e-chain  sequences  in  question  contribute  to  the  Fc(e)R  binding  ac¬ 
tivity  of  the  immunoglobulin  molecule,  a  conclusion  consistent  with  our 
finding  that  the  same  peptides  themselves  are  capable  of  inhibiting  the 
binding  of  IgE  to  mast  cells. 

Yet,  in  apparent  contradiction  to  this  conclusion  are  our  findings 
(Table  3)  that  antibodies  directed  against  sequences  378-396  in  the  CE3 
domain  and  against  three  sequences  in  the  Ce4  domain  (ie.  459-472,  522- 
535  and  542-557)  are  reactive  with  receptor-occupied  IgE  molecules,  as 
reflected  by  their  ability  to  cross-link  them  and  thereby  initiate 
histamine  release,  because  this  finding  suggests  that  most  of  the  sur¬ 
face  residues,  including  two  of  the  "heat-sensitive"  sequences  referred 
to  above,  are  accessible  even  when  the  IgE  molecule  is  already  bound  to 
Fc(e)R  on  mast  cells.  What  is  the  explanation  of  this  paradox?  We  have 
turned  again  to  computer  graphics  to  provide  a  possible  answer. 

Again,  the  computer  graphics  model  of  the  CH2  and  CH3  domains  of 
human  IgGl,  based  on  the  X-ray  crystallographic  coordinates  published  by 
Deisenhofer  (1981)  referred  to  earlier,  has  been  adapted  in  that  the  3- 
dimensional  structures  of  the  framework  regions  have  been  adjusted  to 
resemble  those  of  the  CH3  and  CH4  domains  of  rat  IgE,  by  substituting  the 
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Table  2.  Ability  of  rat  IgE  and  rat  IgE  heated  at  56°C  for  1  hour  (rat 
IgE  56°C)  to  inhibit  binding  of  antipeptide  sera  to  solid  -  phase  rat 
IgE.  Dilutions  of  anti-peptide  sera  or  rabbit  anti-rat  IgE  (Fc)  giving 
OD492  values  of  approximately  1  in  absence  of  inhibitor  were  pre-incubated 
overnight  at  4°C  with  1.52  g/ml  affinity-purified  native  rat  IgE  or  IgE 
heated  at  56°C  for  1  hour  prior  to  additon  to  microtitre-place  wells 
coated  with  1  ug/ml  rat  IgE. 


Antiserum  %  Inhibition  +  SEM  (n— 3) 

Specificity  _ 

RAT  IgE  RAT  IgE  (56°C) 


CH3- 

domain 

Gly 

378  -  Gly 

396 

30.5 

+ 

3.3 

28.6 

+ 

2.3 

Ser 

414  -  Gly 

428 

3.4 

+ 

3.9 

13.5 

+ 

2.5 

CH4- 

domain 

Tyr 

459  -  Arg 

472 

37.1 

+ 

2.4 

78.9 

+ 

1 

Leu 

491  -  Ser 

503 

0 

39.5 

+ 

5.5 

Arg 

522  -  Glu 

535 

33 

+ 

5.4 

42.4 

+ 

4 

His 

542  -  Lys 

557 

47.0 

+ 

1.8 

90.4 

+ 

0.7 

Gly 

560  -  Met 

571 

39.8 

+ 

3.9 

42.7 

+ 

3.8 

Rat 

IgE  (Fc) 

77.9 

+ 

0.3 

30.8 

+ 

1.6* 

*0.08  ug/ml  rat  IgE  inhibitor. 


Table  3.  Ability  of  anti-peptide  sera  to  release  histamine  from  rat  mast 
cells.  Rat  serosal  mast  cells  were  incubated  at  37°C  for  30  minutes  in 
the  presence  of  various  dilutions  of  anti-peptide  sera.  Results  are 
expressed  as  percentage  of  total  histamine  released  into  supernatant  for 
each  test.  Percentage  histamine  release  in  presence  of  buffer  alone  was 
2.9  +  0.3%. 


Antiserum 

Specificity 

%  Histamine  Release  +  SEM  (n=3) 

Serum  Dilution 

1/2 

1/4 

1/8 

1/16  1/100 

1/1000 

Pre-immune 

3.1+0. 

3  2.2+0. 

06  2.2+0. 

,03  1.4+0. 1 

Glu378-Gly396 

11.1+0.6 

8. 5+0. 3 

5. 6+0. 3 

3. 6+0. 2 

- 

Ser414-Gly428 

5. 1+0. 1 

3. 8+0. 2 

2. 9+0. 3 

3.4+0. 1 

- 

Tyr459-Arg472 

11.6+0.7 

8.6+0.03 

4. 8+0. 2 

4. 3+0. 4 

- 

Leu491-Ser503 

4.9+0. 3 

3.8+0.07 

2. 8+0. 2 

2.0+0. 1 

- 

Arg522-Glu535 

20.3+0.9 

17.0+0.2 

12.7+0.5 

9. 0+0. 2 

- 

His542-Lys557 

13.0+0.5 

7. 9+0. 3 

6. 9+0. 3 

5. 0+0. 4 

- 

Gly560-Met571 

60. 1+0.6 

60. 1+0.08 

51.8+0.9 

37.2+0.6 

- 

Rat  IgE  (Fc) 

“ 

79.4 

58.8 
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Table  4.  Most  continuous  surface:  ABD'  E  (D1  being 
from  other  e-chain). 


Peptide 

Domain 

£-Sequence 

Y^-Chain  equivalent 

A 

Ce3 

414-428 

304-318 

B 

Ce4 

542-557 

429-443 

D' 

Ce4 

459-472 

349-363 

E 

491-503 

382-394 

heterologous  amino  acids  in  the  former  (as  described  in  Sutton  et  al, 
1986).  The  objective  was  to  ascertain  whether  the  sequences  represented 
by  the  four  peptides  which  (for  the  reasons  outlined  above)  appeared  to  be 
implicated  in  the  binding  of  IgE  to  mast  cells  (ie.  those  listed  in  Table 
4)  formed  a  continuous  part  of  the  IgE  molecular  surface,  which  could 
constitute  a  lateral  Fc(e)R  binding  site.  Intriguingly ,  three  of  the  four 
peptides  (A,  B  and  E  in  Table  4)  within  one  of  the  pair  of  e-chains  and 
one  (Dx)  from  the  other  do  meet  such  a  requirement!  If,  indeed,  the  IgE 
antibody  molecule  does  bind  to  Fc(e)R  on  mast  cells  in  this  manner,  it 
would  leave  the  corresponding  sequences  in  the  other  e-chain  free  and 
therefore  available  for  interaction  with  the  anti-peptide  antibodies  (thus 
explaining  our  apparently  paradoxical  histamine  release  data). 

CONCLUDING  COMMENTS 

An  insight  has  been  provided  into  the  scope  of  using  both  synthetic 
e-chain  peptides  and  anti-peptide  antibodies  as  probes  in  attempts  to 
elucidate  completely  the  structural  basis  of  IgE  antibody  activity.  The 
work  is  now  being  extended  to  the  synthesis  and  functional  character¬ 
isation  of  the  corresponding  (and  other)  sequences  of  human  IgE;  and 
monoclonal,  as  well  as  polyclonal,  antibodies  are  being  produced  against 
these.  Nevertheless,  even  at  this  stage,  it  is  hoped  that  sufficient 
evidence  has  been  provided  to  illustrate  the  power  and  the  potential  of 
this  approach,  which  could  well  find  application  to  the  study  of  the 
role  of  membrane  as  well  as  cytophilic  immunoglobulins  (and  related 
macromolecular  structures)  in  other  types  of  cell-ligand  interaction. 

We  are  now  aiming  to  exploit  our  own  findings  in  the  development  of 
potentially  new  forms  of  anti-allergy  compound  as  has  been  recently 
discussed  elsewhere  (Stanworth  et  al,  1986).  Included  amongst  these  are 
synthetic  e-chain  peptides  representative  of  those  Fc  sequences  involved 
in  the  binding  of  IgE  antibody  molecules  to  mast  cells,  as  well  as  spe¬ 
cific  antibodies  against  these,  which  are  readily  reactive  with  the  parent 
immunoglobulin  molecules  (irrespective  of  the  location  of  the  antigenic 
sequences  within  the  3-dimensional  structure).  But,  in  the  light  of  our 
finding  of  the  conformational  complexity  of  the  Fc(e)R  binding  site, 
the  former  (ie.  the  peptides  themselves)  would  seem  to  be  the  less 
promising  as  potential  therapeutic  agents.  In  this  same  vein,  we  are 
also  in  the  process  of  producing  specific  antibodies  against  the  putative 
mast  cell  triggering  IgE  sequence  (the  characterisation  of  which  was 
described  in  the  previous  section),  which  will  hopefully  prove  to  be 
valuable  reagents,  too,  in  our  studies  aimed  at  obtaining  more  direct 
evidence  that  the  Fc(e)R-bound  IgE  molecules  provide  a  triggering  signal 
to  the  mast  cells  following  their  cross-linking  by  allergen,  rather  than 
merely  playing  a  passive  role  in  this  process. 
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INTRODUCTION 

Human  T  lymphocytes  can  be  activated  by  two  apparently  distinct 
pathways.  The  first  pathway  is  mediated  through  the  T  cell  receptor 
(TcR)  complex  following  corecognition  of  antigen  and  major 
histocompatibility  complex  (MHC)  gene  products  (Reinherz  et.  al., 

1982).  The  TcR  complex  comprises  an  ap  heterodimer  (Ti)  which  is 
linked  non-covalently  to  a  non-polymorphic  glycoprotein,  the  CD3 
antigen  (see  Kronenberg  et  al.,  1986  for  a  review).  The  CD3  antigen  in 
turn  comprises  at  least  three  polypeptide  chains,  y,  6  and e  (Borst  et 
al.,  1983;  Kanellopoulos  et  al.,  1983).  The  ap  heterodimer  is 
sufficient  to  confer  clonal  variability  in  the  recognition  of 
antigen/MHC  to  a  T  cell  (Dembic  et  al . ,  1986).  The  CD3  antigen,  which 
is  obligatorily  expressed  with  the  aP  heterodimer  (or  with  TcR  y 
chains:  see  Brenner  et  al . ,  1986;  Bank  et  al . ,  1986)  has  been 
Implicated  in  the  signal  transfer  process  consequent  to  specific 
binding  of  a  T  cell  to  a  target  cell  or  antigen  presenting  cell. 

Several  events  have  been  implicated  in  the  signal  transfer  process, 
including  phosphorylation  of  the  CD3  y  chain,  increased  phosphatidyl 
inositol  bis  phosphate  turnover  and  downregulation  of  the  TcR  complex 
from  the  cell  surface  (Weiss  et  al . ,  1984;  Cantrell  et  al.,  1985; 

Davies  et  al.,  1985;  Imboden  et  al.,  1985). 

The  CD2  antigen  (Til;  E-rosette  receptor;  LFA  2)  is  a  glycoprotein 
of  apparent  molecular  weight  about  50,000  and  is  expressed  on  virtually 
all  thymocytes  and  peripheral  T  cells.  T  cell  proliferation  is 
initiated  by  certain  combinations  of  anti-CD2  monoclonal  antibodies 
apparently  in  a  macrophage-independent  fashion  (Meuer  et  al.,  1984). 

The  function  of  CD2  is  obscure,  not  least  because  a  candidate  for  the 
natural  ligand  for  CD2  has  only  recently  existed.  Thus,  CD2  on  the  T 
cell  is  now  thought  to  bind  to  LFA3  on  the  target  cell,  an  event  which 
may  be  important  in  initiating  cellular  interaction  prior  to  specific 
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association  of  the  TcR  complex  with  antlgen/MHC  (Shaw  et  al.,  1986). 

That  the  CD2  antigen  may  be  more  than  simply  an  adhesion  molecule 
is  suggested  by  experiments  that  demonstrate  intercommunication  between 
the  CD2  receptor  and  TcR  complex.  Thus,  antibodies  against  one 
receptor  have  been  reported  to  exert  inhibitory  effects  towards 
activation  via  the  other  receptor  pathway  (see,  for  example,  Meuer  et 
al.,  1984).  This  Intercommunication  may  be  Important  in  the  regulation 
of  the  T  cell  response  to  antigen/MHC  or  in  proliferative  events 
associated  with  the  generation  of  MHC  restriction  and  self-tolerance 
within  the  thymus  (Relnherz,  1985). 

A  complete  understanding  of  the  functions  of  these  two  receptors 
requires  a  knowledge  of  their  structures  and  of  the  regulation  of  their 
expression  during  ontogeny  and  maturation.  Here,  we  describe  firstly 
the  structure  and  expression  of  the  T3  y  component  of  the  T  cell 
receptor  complex  (deduced  from  cDNA  sequence)  and  the  implications  of 
the  structural  predictions  for  T3  function.  Secondly,  the  structure  of 
the  032  glycoprotein  is  described.  Thirdly,  experiments  that  extend 
our  knowledge  of  the  interaction  of  these  two  activation  pathways  are 
presented. 


STRUCTURE  OP  HUMAN  AND  MURINE  T3y  CHAIN 

Recently,  cDNA  clones  encoding  the  human  CD3  y  chain  have  been 
isolated  by  immunoscreening  of  a  Agtll  library  prepared  using  RNA  from 
the  human  T  leukaemic  line  Jurkat  (Krlssansen  et  al.,  1986).  The 
murine  homologue  was  subsequently  Isolated  by  cross-hybridisation  using 
the  human  probe  (Krlssansen  et  al.,  1987).  Both  the  murine  and  human 
probes  revealed  easily  detectable  CD3y  transcripts,  as  assessed  by 
Northern  hybridisation  analysis,  in  all  T  cells  studied  regardless  of 
phenotypic  state  of  maturity  (Fig  1).  Since  CD3  6  and  e transcription 
has  also  been  shown  to  be  an  early  event  in  T  cell  maturation  (Van  den 
Elsen  et  al.,  1984;  Gold  et  al.,  1986),  the  T3y,  6  and e  genes  may  be 
coordinately  expressed  very  early  in  thymocytedevelopment .  The  genomic 
structure  of  T3y  is  currently  being  elucidlcated  in  order  to 
investigate  possible  regulatory  elements  that  might  mediate  such 
coordinate  expression.  The  human  T3y  probe  revealed  two  transcripts, 
of  about  0.8  and  3.5kb,  which  varied  in  relative  amount  in  RNA  from 
different  T  cell  lines  (Fig  1).  These  transcripts  most  probably  arise 
as  a  result  of  differential  usage  of  polyadenylation  signals  at  the  3' 
end  of  the  T3y  gene. 

The  cDNA  sequence  has  been  used  to  predict  the  structures  of  the 
human  and  murine  y  chains.  Each  chain  possesses  a  22  amino  acid  signal 
sequence  followed  by  a  79  residue  hydrophilic  region  which  contains  2 
potential  N-glycosylation  sites  (N-X-S/T)  in  the  human  and/in  the 
mouse.  Because  both  human  and  murine  T3y  chains  are  known  to  be 
glycosylated,  the  N-terminal  segment  is  presumably  situated  at  the 
external  face  of  the  bilayer  as  no  precedent  exists  for  glycosylation 
within  the  cytoplasm.  The  external  hydrophilic  domain  is  followed  by  a 
27  residue  predominantly  hydrophobic  segment  that  is  postulated  to  span 
the  lipid  bilayer.  A  characteristic  feature  of  the  human  and  murine  y 
transmembrane  segments  is  that  they  contain  a  centrally  placed  glutamic 
acid  residue.  The  presence  of  an  acidic  residue  in  this  region  is  a 
characteristic  of  T3  chains,  although  the  $  and  e  chains  have  an 
aspartate  rather  than  glutamate  residue.  The  hydrophilic  intracellular 
domain  (residues  117-160)  is  large  relative  to  the  total  size  of  the 
polypeptide  and  incorporates  a  candidate  site,  containing  two  serine 
residues,  for  phosphorylation  by  protein  kinase  C. 
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Fig  1.  Northern  hybridisation  analysis  of  T  cell  mRNA.  T  cell  lines  of 
various  phenotypic  stages,  both  Immature  (HSB2 :  T3-T4-T8~)  and 
mature  (Molt  4  and  Jurkat:T3+T4+T8+)  are  represented,  together 
with  peripheral  blood  lymphocytes  (PBL)  and  a  B  cell  line 
(BR18).  The  blot  was  probed  sequentially  with  a  CD3  y  and  <5 
probe  (Van  den  Elsen  et  al.,  1985). 
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Fig  2.  Scheme  for  homology  of  human  and  murine  CD3  y  and  6  chains.  A 
vertical  bar  represents  an  Identical  amino  acid  for  all  four 
chains  and  a  star  depicts  identity  only  between  y  chains. 
Brackets  refer  to  regions  of  y-6  or  y-y  homology  along  the 
polypeptide  chain. 
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Sequence  comparison  of  the  murine  and  human  y  and  6  chains  has 
revealed  a  high  overall  degree  of  homology,  strongly  suggesting  that 
they  arose  by  a  process  of  gene  duplication  (Fig  2).  Division  of  the 
chains  into  extracellular,  transmembrane  and  intracellular  domains 
reveals  that  the  weakest  homology  is  shown  by  the  external  and 
transmembrane  domains  whereas  the  internal  domain  shows  a  high  degree 
of  homology  (Fig  2).  In  particular,  it  was  necessary  to  insert  a  gap 
equivalent  to  nine  residues  into  the  6  chain  immediately  following  the 
signal  peptide  to  Increase  alignment.  These  extra  residues  in  the  y 
chain  are  predominantly  encoded  by  a  discrete  exon  in  the  CD3y  gene 
(S-T  Wah,  GWK,  MJC  and  MJO,  unpublished  observation).  Comparison  of 
the  mouse  and  human  y  chains  reveals  that  their  Intracellular  domains 
are  almost  totally  conserved  (>90Z)  whereas  murine  and  human  6  chains 
share  about  80%  homology  in  this  region.  One  site  that  has  been 
completely  conserved  between  the  murine  and  human  y  chains  is  a  segment 
(residues  117-130)  that  contains  the  potential  serine  phosphorylation 
site  at  position  126.  This  site  is  an  alanine  in  the  human  and  mouse 
.  chains . 

The  high  overall  conservation  of  the  y  and  6  intracellular 
regions,  including  the  putative  y  phosphorylation  site  indicates  that 
this  region  of  the  T3  molecule  may  be  vitally  Important  in  its 
function,  either  directly  in  the  signal  transduction  process  or  in 
autoregulation  of  the  T  cell  response  by  down-regulation  of  the  TcR 
complex.  The  conservation  of  the  putative  y  protein  kinase  C 
phosphorylation  site  which  has  been  implicated  in  several  systems  in 
receptor  downregulation  is  strong  support  for  the  latter  role. 

Although  the  extracellular  domain  of  the  T3y  and  <5  chains  are 
much  less  conserved,  limited  regions  of  strong  homology  are  evident. 

In  particular,  sequences  in  two  regions  whish  together  incorporate  3  of 
the  4  extracellular  cysteines  showed  strong  homology  between  murine  and 
human  y  chains.  These  residues  may  form  intrachain  disulphide  bridges 
and  thus  represent  important  structural  determinants  required  for  the 
appropriate  conformation  of  the  y  polypeptides  and/or  for  its 
association  with  other  components  of  the  CD3/T1  complex.  It  is  worth 
noting  that  the  weak  overall  primary  sequence  homology  between  the 
external  regions  of  the  CD3  y  and  5  chains  does  not  necessarily  imply 
that  they  adopt  a  substantially  different  tertiary  conformation.  Thus, 
although  p2_micro8l°bulin  and  an  Ig  constant  region  domain  share  only 
limited  sequence  homology  (about  30%  for  a  Cjj3  domain)  X-ray 
crystallographic  studies  have  demonstrated  that  both  molecules  strongly 
resemble  each  other  in  their  3-dimensional  structures  (Becker  and 
Reeke,  1985). 


STRUCTURE  OF  THE  CD2  ANTIGEN 

Human  cDNA  clones  encoding  the  CD2  antigen  have  been  isolated 
using  the  same  "expression  cloning"  approach  as  was  employed  for  the 
human  T3y  gene  (Sewell  et  al.,  1986).  Northern  blotting  analysis 
revealed  two  transcripts,  of  about  1.7  and  1.3  kb,  which  were  present 
in  peripheral  blood  T  cells  but  not  in  B  cells  (Fig  3).  Although  >95% 
of  T  cells  and  thymocytes  are  phenotypically  CD2  positive,  many 
long-term  T  leukaemic  cell  lines  of  both  mature  and  immature  phenotype 
were  surface  CD2-negative  and  expressed  low  or  undetectable  levels  of 
CD2  transcripts.  The  reason  for  this  apparent  high  rate  of  CD2  gene 
inactivation  is  unknown. 

The  CD2  DNA  sequence  contained  an  open  reading  frame  encoding  360 
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Fig  3.  Northern  hybridisation  analysis  of  T  cell  mRNA.  The  T  lineage 
leukaemic  lines  HSB2,  J6  (a  Jurkat  subline)  HUT78,  M0LT4 
together  with  the  functional  helper  T  cell  clone  HA1.4, 
peripheral  blood  T  cells  (PBL)  and  the  B  lymphoblastoid  cell 
lines  MAJA  and  BR18  are  represented.  The  probe  used  is 
described  in  Sewell  et  al.,  (1986). 
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amino  acids.  The  signal  peptide  which  comprised  the  N-terminal  24 
residues  was  followed  by  an  extracellular  region  of  185  predominantly 
hydrophilic  amino  acids  containing  three  potential  N-llnked 
glycosylation  sites.  This  region  precedes  a  hydrophobic  segment  of  26 
amino  acids  which  possesses  all  the  characteristics  of  a  transbilayer 
peptide  (with  the  exception  of  a  glycine  triplet)  including  a  cluster 
of  basic  amino  acids  at  the  cytoplasmic  boundary. 

The  predicted  C-terminal  domain  has  an  unusual  composition  with  27 
prollnes,  23  basic  residues  and  13  glutamines  in  the  last  100  amino 
acids.  In  addition,  the  only  acidic  or  aromatic  residues  in  the 
cytoplasmic  sequence  occur  in  the  C-termlnal  6  amino  acids.  There  is  a 
repetitive  pattern  in  the  cytoplasmic  segment  in  both  the  nucleotide 
and  amino  acid  sequences,  most  obviously  seen  in  two  stretches  which 
are  homologous  in  9  out  of  14  amino  acid  residues.  These  particular 
sequences  incorporate  continuous  runs  of  5  and  4  proline  residues, 
respectively.  Proline-rich  regions  generally  separate  protein 
domains.  If  this  is  so  for  the  CD2  cytoplasmic  tall,  this  region  may 
exist  as  two  domains  separated  by  an  extended  connecting  peptide. 

Limited  regions  of  homology  were  observed  between  the  CD2  amino 
acid  sequence  and  that  of  other  members  of  the  immunoglobulin 
superfamily.  In  particular,  a  region  surrounding  a  cysteine  residue 
midway  through  the  extracellular  region  (position  122)  showed 
substantial  homology  to  a  region  of  a  VK  domain  containing  the 
N-terminal  cysteine  of  the  intrachain  disulphide  bond.  This  region  in 
CD2  also  showed  homology  to  the  corresponding  part  of  the  human  CD4 
antigen.  Based  upon  these  homologies,  CD2  is  postulated  to  be  a  number 
of  the  Ig  superfamily  (Sewell  et  al.,  1986)  and  to  resemble  a  truncated 
version  of  the  CD4  antigen  (Williams  et  al . ,  1987). 

INTERACTIONS  BETWEEN  THE  CD3/T1  AND  CD2  PATHWAYS  OF  ACTIVATION 

Human  T  lymphocytes  can  be  activated  by  positive  signalling 
through  either  the  CD3/T1  or  CD2  receptors.  In  addition,  a  negative 
growth  signal  can  also  be  generated  if  antigen  is  added  in  supraoptlmal 
concentrations  to  functional  T  cell  clones  in  the  absence  of  accessory 
cells  (Lamb  et  al.,  1983).  This  observation  prompted  us  to  investigate 
whether  a  similar  negative  signal  could  be  transduced  to  the  antigen 
receptor  via  the  CD2  glycoprotein.  For  this  analysis  the  T  cell  clone 
HA1.7,  which  is  reactive  with  the  carboxyl  terminus  of  the  HA-1 
molecule  of  influenza  virus  haemagglutinin  (residues  306-319),  was  used 
(Lamb  et  al.,  1982).  Preincubation  of  HA1.7  with  either  supraoptlmal 
concentrations  of  pl4  or  with  a  combination  of  anti-Tll2  and  TII3 
antibodies  in  the  absence  of  accessory  cells  abolished  the  ability  of 
these  cells  to  respond  to  an  Immunogenic  challenge  of  pl4  (l.e.  in  the 
presence  of  presenting  cells).  In  contrast,  the  response  to  IL2  was 
enhanced  as  compared  to  the  medium  control  (Table  1).  In  the  presence 
of  accessory  cells,  however,  HA1.7  proliferated  in  response  to 
anti-Tll2  and  TII3. 

Collectively,  these  results  suggest  that  the  CD2  protein  requires 
accessory  cells  to  activate  HA1.7  and  that,  in  the  absence  of  accessory 
cells,  it  can  deliver  a  negative  signal  that  is  functionally  identical 
to  that  of  supraoptlmal  antigen. 

Preincubation  of  HA1.7  with  anti-Tll2  and  TII3  resulted  in 
profound  phenotypic  changes.  In  particular,  subsequent  staining  with 
anti-CD3  revealed  that  CD3/T1  was  substantially  downregulated  to  about 


Table  1.  Anti-CD2  an Cl body- Induced  antigen  specific 
T'cell  unresponsiveness 

Prelncubatlon  Response  (cpm  *  %sem) 

T  cells  Antigen/ Antibody  APC  APC  +  pl4  IL2 


- 

- 

107  ± 

+ 

- 

99  ± 

+ 

pl4 

155  ± 

+ 

anti-Tll2+Tll3 

80  ± 

9 

85 

± 

9 

- 

27 

15410 

± 

2 

20771 

17 

13 

117 

11 

37639 

3 

19 

141 

± 

10 

33710 

± 

12 

HA1.7  cloned  helper  T  cells  were  preincubated  for  16  hr  In  the 
absence  of  accessory  cells  with  the  HA  peptide  pl4  (50ug/ml)  or 
with  the  antl-CD2  antibodies  TII2  and  TII3.  After  washing,  the 
cells  were  cultured  with  Irradiated  peripheral  blood  mononuclear 
cells  ±  pl4  (0.3  pg/ml)  or  with  IL2  alone.  Following  60  hr 
incubation,  proliferation  was  assessed  by  [%] -thymidine 
incorporation.  The  results  are  expressed  as  mean  cpm  ±  % sem  of 
triplicate  cultures. 


10%  of  Its  control  levels.  A  similar  effect  was  observed  on  tolerance 
Induction  with  pl4  when  CD3-T1  surface  levels  were  reduced  to  about  5% 
of  the  control.  CD2  levels  were  also  downregulated  (about  50%)  by 
tolerogenic  anti-Tll2+Tll3  prelncubatlon  but  upregulated  by  tolerogenic 
pl4  prelncubatlon.  IL2-receptor  levels  were  increased  by  2-3  fold  with 
both  tolerogenic  stimuli.  These  phenotypic  changes  were  in  part 
mirrored  by  changes  in  steady-state  mRNA  levels.  Thus,  when  compared 
with  the  levels  of  actln  mRNA,  Tip  and  CD3  <5  mRNAs  were  downregulated, 
whereas  Tia  levels  were  unchanged  when  antl-Tll2  and  TII3  was  used  as  a 
tolerogenic  signal.  In  contrast,  after  prelncubatlon  with  pl4,  a,  3 
and  6  mRNA  levels  were  unaltered.  CD2  mRNA  levels  were  marginally 
Increased  after  prelncubatlon  with  pl4  but  were  about  2-fold 
downregulated  by  anti-Tll2  and  TII3  treatment.  In  both  Instances 
IL2-receptor  mRNA  levels  were  increased  by  at  least  10-20  fold.  These 
observations  suggest  that  the  phenotypic  changes  observed  are  the 
result  of  a  combination  of  transcriptional  and  post-transcriptional 
regulation  of  receptor  gene  expression. 

The  present  studies  are  in  contrast  with  some  previous 
observations  (Meuer  et  al . ,  1984)  in  that  they  suggest  a  monocyte 
requirement  for  anti-Tll2+Tll3  activation  of  HA1.7.  The  reason  for 
this  discrepancy  is  unclear.  Possible  explanations  include  the  failure 
in  previous  studies  completely  to  remove  presenting  cells  or  a 
differential  requirement  for  monocytes  depending  on  the  T  cell  clone  or 
subset.  The  apparent  requirement  for  monocytes  (at  least  in  this 
system)  is  presumably  related  to  a  need  for  receptor  crosslinking  for 
activation.  The  more  efficient  the  CD2  system  is  as  an  activation 
pathway,  the  less  crosslinking,  and  therefore  the  fewer  monocytes, 
would  be  required. 
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The  interaction  between  the  CD2  and  CD3/T1  pathways  may  be  of 
importance  in  the  autoregulation  of  T  cell  activation.  Although  the 
ligand  for  CD2  has  not  been  identified  unequivocally,  the  LFA3 
glycoprotein  has  been  proposed  as  a  candidate  (Shaw  et  al.,  1986).  It 
has  been  suggested  that  LFA3-CD2  interactions  are  partially  responsible 
for  initial  non-specific  interactions  between  cytotoxic  T  cells  and 
target  cells  prior  to  interaction  between  CD3/T1  and  antigen/MHC.  If 
this  is  the  case,  it  is  possible  that  both  positive  and  negative 
signals,  such  as  those  described  here,  may  minimise  the  possibility  of 
inappropriate  activation  of  T  cells  in  which  the  CD3/T1  receptor  is 
unoccupied . 

The  mechanism  of  CD2-CD3/T1  "crosstalk"  is  unknown  but  presumably 
Involves  common  second  messenger  systems  such  as  the 
polyphosphoinositol  pathway  or  intracellular  G  proteins.  The 
structures  of  the  two  receptors  described  here,  in  particular  those  of 
the  cytoplasmic  domains,  will  be  of  immense  value  in  elucidating  these 
mechanisms. 
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INTRODUCTION 

The  specific  serologic  marker  of  hepatitis  B  virus  (HBV)  infection  is 
the  hepatitis  B  surface  antigen  (HBsAg) ,  which  is  present  both  in  the 
intact  virion  and  as  free  circulating  filamentous  and  spherical  22 -nm 
particles.  The  HBsAg  is  composed  of  a  major  polypeptide,  p25,  and  its 
glycosylated  form,  gp28.  However,  additional  polypeptides  of  higher  m.w. 
(p39/gp42  and  gp33/gp36)  have  been  identified  associated  preferentially 
with  the  intact  virion  and  the  filamentous  form  of  22-nm  particles  (1). 

The  p25  polypeptide  is  encoded  by  the  S  gene  beginning  from  the  third 
possible  translational  initiation  site  of  a  larger  open  reading  frame 
(ORF)  and  is  preceded  in  phase  by  174  codons  ( adw  subtype)  designated  the 
pre-S  region  (2).  The  large  ORF  for  HBsAg  terminates  in  a  single  stop 
codon  but  can  initiate  at  three  possible  translational  start  codons,  which 
define  the  pre-S(l) ,  pre-S(2),  and  S  regions,  yielding  p39,  p33,  and  p25, 
respectively.  All  three  polypeptides  share  the  226  amino  acid  residues  of 
the  S  region  (p25) ;  p33  consists  of  the  p25  sequence  plus  an  amino- 
terminal  55  residues  (pre-S(2)]  (3)  and  p39  consists  of  the  p33  sequence 
plus  an  amino -terminal  119  residues  [pre-S(l)]  (1)  (see  Fig.  1).  There¬ 
fore,  three  different  envelope  polypeptides  are  expressed  by  the  variable 
use  of  initiation  codons  in  one  ORF,  and  HBsAg-containing  virions  or 
particles  may  vary  in  composition  relative  to  these  three  polypeptides. 
Herein,  we  designate  purified  HBsAg  particle  preparations  by  virtue  of  the 
highest  m.w.  polypeptide  present  (i.e.  HBsAg/p39,  HBsAg/p33,  and 
HBsAg/p25) . 

RESULTS  AND  DISCUSSION 

Influence  of  H-2  phenotype  on  antibody  response  to  HBsAg  particles 
composed  of  p25  alone  or  p25  plus  pre-S  containing  polypeptides.  The 
secondary  responses  after  HBsAg/p39  immunization  were  directly  compared 
with  the  secondary  responses  after  HBsAg/p25  and  HBsAg/p33  immunization  in 
a  panel  of  H-2  congenic  mice  (Table  I).  Immunization  with  HBsAg/p25 
elicits  anti-S  region  responses  in  all  strains  except  B10.S  and  B10.M 
Immunization  with  HBsAg/p33  elicits  antl-pre-S(2)  responses  in  all  strains 
except  the  B10.M  strain,  and  note  that  it  also  elicits  an  anti-S  response 
in  the  S  region  nonresponder.  B10.S  strain  (boxed  number  in  Table  I).  The 
availability  of  a  nonresponder  strain  to  both  S  and  pre-S(2)  region 
determinants  (B10.M)  allowed  us  to  determine  if  the  pre-S(l)  region  would 
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Figure  1.  Representation  of  the 
translation  of  the  3  coterminal 
envelope  polypeptides  of  HBsAg 
(p39,  GP33  and  p25).  The  p39 
polypeptide  is  translated  from  a 
putative  large  mRNA,  and  GP33 
and  p25  are  derived  from 
shorter,  more  abundant  mRMAs . 
Amino  acid  positions  are  de¬ 
picted  from  the  HH2-  terminus 
(1)  to  the  COOH- terminus  (400). 
Adapted  from  Heermann,  et  al. 
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provide  alternative  T-cell  recognitiion  sites  that  the  B10.M  strain  may  be 
able  to  recognize,  and  if  so,  would  recognition  of  pre-S(l)  at  the  T-cell 
level  influence  the  B10.M  antibody  response  to  the  pre-S(2)  and  S  regions? 
HBsAg/p39  immunization  elicited  anti-pre-S(l) -specific  responses  in  all 
strains,  and  furthermore,  elicited  anti-S  and  anti-pre-S(2)  responses  in 
all  strains,  including  an  S- specific  response  in  the  "nonresponder"  B10.S 
strain,  and  S  and  pre-S(2) -specific  responses  in  the  "nonresponder"  B10.M 
strain  (boxed  numbers  in  Table  I).  This  result  suggests  that  the  B10.M 
strain  possesses  pre-S(l) -specific  T-cells  that  are  capable  of  helping  B- 
cell  clones  specific  for  S  and  pre-S(2)  region  determinants  as  well  as 
pre-S(l) -specif ic  B-cell  clones. 


Summary  of  T-cell  proliferative  responses  to  S  and  pre-S  region 
antigens .  The  T-cell  proliferative  responses  after  immunization  with 
HBsAg/p25,  HBsAg/p33  and  HBsAg/p39  also  were  examined,  and  the  results  for 
three  representative  strains  (B10.D2,  B10.S  and  B10.M)  are  summarized  in 
Figures  2-4.  These  H-2  haplotypes  were  chosen  because  they  represented 
three  distinct  patterns  of  antibody  production  in  terms  of  specificity 
(See  Table  I).  The  B10.D2  strain  was  the  only  responder  to  immunization 
with  HBsAg/p25  at  the  T  cell  level,  which  provided  T-cell  help  (Th)  for 
anti-S  antibody  production  (Fig.  2).  The  B10.D2  strain  also  exhibited  T~ 


TABLE  1 

Influence  of  H-2  Genotype  on  the  Humoral  Response 
to  HBsAg  Particles  of  Varied  Composition 


Immunogen 

Strain 

H-2 

Specific 

Antibody  Titer 

(1/dilution) 

S 

pre-S(2) 

pre-S(l) 

HBsAg/p25 

B10.D2 

d 

81,920 

0 

0 

BIO 

b 

20.480 

0 

0 

B10.BR 

k 

5.120 

0 

0 

B10.S 

s 

0 

0 

0 

B10.M 

f 

0 

0 

0 

HBsAg/p33 

B10.D2 

40.960 

10.240 

0 

BIO 

10.240 

40.960 

0 

B10.BR 

1.280 

2.560 

0 

B10.S 

t  vn* 

10,240 

0 

BIO  .M 

0 

0 

0 

HBsAg/p39 

B10.D2 

81,920 

5.120 

640 

BIO 

20,480 

40,960 

10.240 

B10.BR 

5,120 

1.280 

2,560 

BIO .  S 

BIO  .M 

10,240 

rrmi 

1,280 

10,240 

aThe  boxed  numbers  represent  an  antibody  response  to  a  specific  region  of  HBsAg 
which  is  not  observed  when  the  strain  is  immunized  with  that  same  antigen  (i  e 
B10.S  is  nonresponslve  to  the  S  region  when  immunized  with  HBsAg/p25). 

Table  is  from  Milich  et  al.  (15). 
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HBsAg/P25 


Figure  2.  Sunsoary  of  T  cell 
proliferative  reiponae  (T)  and 
in  vivo  antibody  production  (B) 
of  H-2  congenic,  murine  strains 
immunized  with  HBsAg/p25.  A  plus 
in  the  T  coliann  represents  sig¬ 
nificant,  dose-dependent,  T  cell 
proliferation  and  IL-2  produc¬ 
tion  by  HBsAg/p2 5 -primed, 
draining  lymph  node  cells  (LHC) 
challenged  in  vitro  with 
HBsAg/p25.  A  plus  in  the  B 
column  represents  significant 
antibody  production  after  secon¬ 
dary  immunization  with 
HBsAg/p25. 


Figure  3.  Summary  of  T  cell 
proliferative  responses  (T)  and 
in  vivo  antibody  production  (B) 
of  H-2  congenic,  murine  strains 
immunized  with  HBsAg/gp33. 


BIO.D2  d  +  + 

B10.S  s 
B10.M  f 

HBsAg/GP33 


Pre-S(2)  S 

120  174  400 


STRAIN  H-2  T  B  T  B 


BIO.Dj  d 
B10.S  s 
B10.M  f 

Figure  4 .  Suninary  of  T  cell 
proliferative  responses  (T)  and 
in  vivo  antibody  production  (B) 
of  H-2  congenic,  murine  strains 
immunized  with  HBsAg/p39. 

STRAIN  H  2  T  B  T  B  T  B 


BlO.Di  d  ?  ♦  +  *  ♦  + 

B10.S  s  ♦  ♦  +  +  -  ♦ 

B10.M  t  ♦  ♦  -  +  -  ♦ 


cell  sensitization  to  the  pre-S(2)  region,  as  well  as  the  S  region,  after 
HBsAg/p33  immunization  (Fig.  3).  In  contrast,  the  S  region  nonresponding 
B10.S  strain  only  demonstrated  a  T— cell  response  to  the  pre-S(2)  region, 
which  correlated  with  anti-pre-S(2)  and  anti-S  region  antibody  synthesis. 
Therefore,  Th  cells  specific  for  the  pre-S(2)  region  can  provide 
functional  help  for  both  pre-S(2)  and  S  region-specific  B-cell  clones. 

The  B10.M  strain  was  nonresponsive  at  the  T-cell  level  to  both  the  S  and 
pre-S(2)  regions,  and  subsequently  produced  no  anti-HBs.  However,  the 
B10.M  strain  was  capable  of  responding  at  the  T— cell  level  to  the  pre-S(l) 
region  af&er  HBsAg/p39  immunization  (Fig.  4).  Notably,  pre-S(l) -specific 
Th  cell(s)  could  provide  functional  help  for  pre-S(2)  and  S  specific  B— 
cell  clones,  as  well  as  for  pre-S(l) -specific  B-cells  since  antibodies  to 
all  regions  were  produced.  The  B10.S  strain  also  recognized  the  pre-S(l) 
region  at  the  T— cell  level  in  addition  to  the  pre-S(2)  region,  and 
produced  antibodies  to  all  three  regions. 


Fine  specificity  of  antibody  binding  sites  within  the  pre-S  regions. 
The  resistance  of  native  pre-S(2)  antigen  to  reduction  and  denaturation 
are  consistent  with  the  presence  of  continuous  as  opposed  to  conformation- 
dependent  determinants  in  the  pre-S(2)  region  (4,3),  This  is  in  contrast 


to  the  major  group  and  subtype- specific  determinants  of  the  S  region, 
which  are  highly  dependent  on  intact  disulfide  bonds  (6,7).  Substantial 


preliminary  data  and  the  conformation- independent  nature  of  the  pre-S(2) 
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region  encouraged  us  to  attempt  to  map  antibody  binding  sites  on  the 
native  protein  by  employing  a  series  of  truncated  group-  and  subtype- 
specific  synthetic  peptides.  Monoclonal  and  murine  polyclonal  antisera 
raised  against  native  HBsAg/p33  particles,  the  isolated  p33,  or  synthetic 
pre-S(2)  region  peptides  were  assayed  for  binding  activity  on  a  series  of 
solid-phase  peptides  and  native  HBsAg  particles .  The  results  indicate 
that  the  murine  antibody  response  to  the  pre-S  (2)  region  is  focused  on 
residues  133  through  143 ,  and  two  distinct  but  overlapping  epitopes  were 
identified  within  11  continuous  residues.  One  epitope,  defined  by  pl33- 
139,  is  group  specific,  and  the  other  epitope  defined  by  pl37-143,  is 
influenced  by  a  subtype -dependent  amino  acid  substitution  at  residue  141. 
However,  the  influence  of  residue  141  was  "covert"  in  that  it  was  only 
detected  when  synthetic  antigens  of  19  amino  acids  or  smaller  were  used  as 
the  solid-phase  ligand.  The  minimum  size  of  both  epitopes  (pl33-139  and 
pl37  and  143)  was  seven  amino  acids  (Fig.  5). 

To  localize  relevant  antibody  epitopes  within  the  pre-S(l)  region,  a 
panel  of  H-2  congenic  murine  strains  was  immunized  with  HBsAg/p39 
particles  of  the  adw  subtype  and  secondary  antisera  were  analyzed  for  IgG 
antibody  reactivity  with  a  series  of  synthetic  peptides  representing  the 
majority  of  the  pre-S(l)  region  of  the  adw  and  ayw  subtypes.  Immunization 
with  native  HBsAg/p39  particles  did  not  elicit  antibodies  reactive  to  the 
NH2*terminal  32  residues.  Anti-HBs/p39  sera  from  3  of  the  five  strains 
bound  the  32-53/d  sequence,  and  the  BIO  strain  antiserum  bound  the  y 
subtype  equivalently  to  the  d  subtype  sequence  (Table  2).  The  BIO 
antiserum  also  bound  p41-53/d,  and  since  the  41-47  sequence  is  conserved 
between  subtypes  this  is  the  likely  group-specific  site  recognized  by  the 
BIO  strain.  The  B10.BR  and  B10.M  strains  recognized  a  subtype-specific 
site  within  the  32-53  sequence,  therefore,  at  least  2  distinct  antibody 
binding  sites  exist  within  the  32-53  sequence,  one  is  group-specific  (p41- 
53)  and  the  other  subtype-specific.  The  53-73/d  and  74-89/d  sequences  did 
not  represent  antibody  binding  sites  recognized  by  any  of  the  antisera. 

In  contrast,  the  94-117  d  sequence  represented  the  dominant  antibody 
binding  site  for  all  strains  (Table  2).  Furthermore,  all  strains  produced 
antibody  reactive  to  the  y  subtype  94-117  sequence  as  well.  This  may  be 
explained  by  the  fact  that  the  conserved  94-105  sequence  also  represented 
an  efficient  antibody  binding  site  for  all  strains.  However,  only  3 
strains  recognized  the  106-117/d  sequence,  and  this  antibody  binding  site 
was  subtype-specific  since  the  106-117/y  peptide  was  marginally  to 
nonreactive.  Therefore,  at  least  2  distinct  antibody  binding  sites  exist 
within  the  p94-117  sequence,  one  is  group-specific  (p94-105)  and  the  other 
is  sub type -specific  (106-117).  Although  immunization  with  native 
HBsAg/p39  particles  did  not  elicit  a  pl2-32-specific  antibody  response,  we 
were  able  to  induce  antibody  by  immunizing  SJL/J  mice  with  the  uncoupled 
synthetic  peptide.  This  antiserum  did  not  bind  either  the  NH2-terminal 
fragment  (pl2-21)  or  the  COOH-terminal  fragment  (p22-32),  but  did  bind  an 
overlapping  sequence  (pl6-27).  Cumulatively,  this  analysis  defined  5 
distinct  antibody  binding  sites  within  the  pre-S(l)  region  of  HBsAg/p39; 


Figure  S.  Amino  acid  sequence  of 
two  distinct  and  overlapping 
antibody  binding  sites  within 
the  pre-S(2)  region.  Epitope  1 
(pl33-139)  is  conserved  in  the 
ayw,  adr.  adw.  and  adw-?  subtypes. 
Epitope  2  (pl37-143)  contains  a 
subtype -dependent  amino  acid 
substitution  at  residue  141 
(phenylalanine  [ayw,  adr] ;  leu¬ 
cine  (adw,  adw 2J).  The  three- 
amino  acid  overlap  between  epi¬ 
topes  1  and  2  is  depicted. 

Figure  from  Milich,  et  al.  (16). 
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T-cell  populations  to  provide  functional  T  cell  help  for  a  series  of  B— 
cell  specificities  on  HBsAg.  Two  pre-S(l) -specific  T-cell  determinants 
were  chosen  (i.e.  pl2-32,  p94-117),  which  induced  only  minimal  antibody 
responses.  This  allowed  us  to  prime  T-cell  helper  cells  with  peptides  and 
determine  in  vivo  antibody  production  after  challenge  with  a  suboptimal 
dose  of  HBsAg/p39  in  the  same  animal  as  opposed  to  performing  transfer 
experiments.  This  approach  requires  the  memory  T-cells  primed  by 
immunization  with  peptide  to  be  recalled  by  challenge  with  native 
particles  indicating  the  relevance  of  the  synthetic  T— cell  sites  to  the 
native  molecule.  Using  this  protocol  it  was  demonstrated  that  priming  with 
a  single  synthetic  peptide,  pl2-32,  elicited  T  cell  helper  function 
resulting  in  in  vivo  antibody  production  to  pl6-27,  pl33-140,  pl35-145  in 
the  pre-S  region  and  group  and  subtype-specific  determinants  in  the  S 
region  (Fig.  7).  Similarly,  priming  with  p94-117  elicited  T-cell  helper 
function  resulting  in  in  vivo  antibody  production  specific  for  p32-53, 
p94-105,  pl06-117,  pl33-140,  pl35-145  in  the  pre-S  region,  but  did  not 
prime  antibody  production  to  S  region  determinants  (Fig.  7).  These  results 
indicate  that  T  cells  primed  to  a  single  determinant  are  sufficient  to 
provide  functional  help  to  multiple  B-cell  clones,  which  recognize  unique 
epitopes  on  a  complex,  particulate  antigen. 

Note  that  the  pre-S(l) - specif ic ,  T-cell  recognition  sites,  pl2-32 
and  p94-117,  primed  antibody  production  specific  for  unique  as  well  as 
common  B  cell  determinants.  For  example,  p94-117  primed  an  anti-p32-53 
response,  whereas,  pl2-32  did  not.  This  data  provides  strong  evidence 
that  the  fine  specificity  of  the  T  helper  cell  can  influence  the  fine 
specificity  of  the  antibody  produced,  and  is  consistent  with  the  variable 
anti-p32-53  and  anti-pl06-117  responses  amongst  H-2  congenic  strains 
immunized  with  HBsAg/p39  particles .  Previous  studies  in  the  HBsAg  system 
suggested  the  presence  of  subtype -specific  T  cells,  which  selectively 
cooperated  with  subtype -specif ic  B  cell  clones  (9,10).  The  molecular 
mechanism  whereby  T«-cells  can  provide  differential  help  for  B  cell  clones 
with  different  specificities  on  the  same  polypeptide  is  difficult  to 
explain  in  the  context  of  T-cell -B  cell  interaction  models,  however,  this 
phenomenon  has  been  previously  observed  in  other  antigen  systems  (11-13). 


Figure  6.  Localization  of  pre- 
S(l)  specific  T  cell  determi¬ 
nants.  A  group  of  5  SJL/J  mice 
was  immunized  with  A  jxg  of 
HBsAg/p39  and  T  cell  prolifer¬ 
ative  responses  specific  for  the 
indicated  peptides  were  deter¬ 
mined  (a).  In  the  reciprocal 
experiment,  groups  of  S  SJL/J 
mice  were  immunized  with  100  jig 
of  the  synthetic  peptides:  P12- 
32  (■);  p94-117  (O);  p32-53 
(O);  or  p74-89  (A),  and  T  cell 
proliferative  resonses  specific 
for  HBsAg/p39  were  determined 
(b) . 


Peptide  (|iQ/N)  HB»Ag/p43  (|ig/m(| 


Figure  7.  Sumnary  of  T  and  B 
coll  recognition  ot  HBsAg/p39. 
Defined  entlbody  binding  sites 
are  represented  by  solid  boxes , 
and  the  NH2  and  COOH- terminal 
coordinates  are  depicted.  Sero¬ 
logically  determined  antibody 
binding  sites  [i.e.,  S  region 
group  (a)  and  subtype  (d/jr- 
specific)!  for  which  there  ere 
no  consensus  sequences  are  rep¬ 
resented  by  open  boxes.  T  cell 
helper  (Th)  activity  and  the 
antibody  specificities  elicited 
are  represented  by  the  arrows . 
The  specificities  of  the  Th 
calls  are  depicted. 
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TABLE  2 


Localization  of  antibody  binding  aitea  within  the  pre-S(l)  region 


Scraina 


Peptide  Antigena 
Antibody  Titer  (1/dilution) 


32-53/d 

32-53/x 

41-53/d 

53-?3/d 

BIO 

2,560 

2,560 

1,280 

0 

B10.BR 

320 

40 

0 

0 

B10.K 

640 

40 

40 

0 

B10.S 

0 

0 

0 

0 

B10.D2 

0 

0 

0 

0 

-89/d 

94-117/d 

94-105/d 

106-117/d 

106-11 

0 

10,240 

10,240 

10 . 240 

80 

0 

2,560 

640 

0 

0 

0 

10,240 

1,280 

0 

0 

0 

2,560 

1,280 

1,280 

0 

0 

1,280 

10 . 240 

5.120 

80 

pl6-27,  p32-53,  p41-53,  p94-105,  and  pl06-117.  Similarly,  2  distinct 
antibody  binding  sites  within  the  pre-S(2)  region  were  identified;  pl33- 
139,  and  pl37-143  (operationally  pl33-140  and  pl35-145  were  utilized  to 
represent  these  epitopes  in  solid-phase  antibody  assays) . 

Identification  of  T-cell  recognition  sites  within  the  pre-S  regions 
of  HBsAg.  Analysis  of  T-cell  recognition  of  a  pre-S(2)  region  sequence, 
pl20-145,  revealed  nonoverlapping  T  and  B-cell  recognition  sites.  Whereas 
antibody  binds  to  2  sites  within  the  COOH- terminus  the  recognition  by  T- 
cells  is  focused  on  the  NH2-terminal  pl20-132  sequence  (8).  However,  pl20- 
132 -primed  T-cells  did  not  recognize  this  sequence  on  the  native  HBsAg 
particle.  Therefore,  identification  of  a  peptide  sequence  which  elicits 
significant  T-cell  activation  does  not  guarantee  that  the  resulting  T-cell 
population(s)  will  recognize  the  same  sequence  in  the  native  protein.  In 
contrast,  pre-S(l) -specif ic  T-cell  recognition  sites  were  defined  which 
are  relevant  to  both  the  peptide  sequence  and  native  HBsAg/p39.  Mice  of 
the  SJL/J  strain  were  primed  with  HBsAg/p39  and  draining  popliteal  lymph 
node  (PLN)  cells  were  challenged  in  vitro  with  a  panel  of  synthetic 
peptides  derived  from  the  pre-S(l)  sequence  and  the  T-cell  proliferative 
responses  determined.  As  shown  in  Figure  6a,  peptides  1-21,  12-32  and  94- 
117  elicited  significant,  dose  -  dependent  T-cell  proliferative  responses, 
whereas,  peptides  32-53  and  74-89  were  minimally  to  nonreactive.  These 
results  indicate  that  the  overlapping  sequence  between  pi -21  and  pl2-32 
(i.e.  12-21),  and  94-117  represent  sites  recognized  by  T  cells  primed  to 
the  native  pre-S(l)  region.  The  reciprocal  experiment  of  priming  with  the 
pl2-32  and  p94-117  peptides  and  challenging  in  vitro  with  HBsAg/p39  (Fig. 
6b)  confirms  localization  of  T-cell  determinants  within  these  sequences. 
Note  that  p32-53  and  p74-89-primed  T  cells  did  not  proliferate  upon 
challenge  with  HBsAg/p39. 

A  single  synthetic  T  cell  determinant  can  prime  T-cell  helper 
function  for  antl-HBs  production  to  multiple  epitopes  on  HBsAg.  The 
variable  antibody  responses  to  the  p32-53  and  pl06-117  sequences  after 
immunization  of  a  panel  of  H-2  congenic  strains  with  HBsAg/p39  suggested 
the  influence  of  H-2-linked  genes  on  antibody  fine  specificity.  Since 
these  strains  share  the  same  BIO  genetic  background  and  presumably  the 
same  B-cell  repertoires,  these  results  indicated  that  the  fine  specificity 
of  T-cell  recognition  may  influence  antibody  fine  specificity. 
Identification  of  a  number  of  T-cell  and  B-cell  recognition  sites  within 
the  pre-S(l)  and  pre-S(2)  regions  of  HBsAg  permitted  us  to  directly 
address  this  question  by  examining  the  ability  of  distinct  peptide-primed 
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Berzofsky  (14)  has  proposed  a  T-cell-B  cell  reciprocity  circuit  in  which  B- 
cell  immunoglobulin  receptor -antigen- la  interactions  may  limit  T-cell 
specificity,  which  in  turn  limits  B-cell  specificity.  In  the  context  of 
this  hypothesis,  the  B-cell  clone  specific  for  the  p32-53  epitope  may 
present  the  p39  polypeptide  in  the  context  of  la  in  such  a  way  as  to  be 
recognized  by  the  T  cell  clone(s)  specific  for  p94-117,  but  not  by  the 
pl2-32-specific  T  cell  clone(s),  and  therefore  will  not  receive  the 
necessary  T  cell  helper  signals  from  pl2-32-primed  T  cells. 

SUMMARY 

The  objective  of  the  studies  reported  herein  was  to  identify  and 
characterize  T  cell  and  B  cell  recognition  sites  within  the  pre-S  regions 
of  HBsAg/p39,  and  to  analyze  functional  T-cell-B  cell  interactions  at  the 
level  of  in  vivo  antibody  production.  The  results  indicate:  (1)  several 
peptides  within  the  pre-S(l)  region  of  HBsAg  were  identified  which  can 
induce  and  elicit  HBsAg/p39 - specif ic  T-cell  proliferation;  (2)  a  10  amino 
acid  peptide,  pl2-21,  and  the  94-117  sequence  define  pre-S(l) -specific  T- 
cell  recognition  sites;  (3)  five  distinct,  pre-S(l) -specif ic  antibody 
binding  sites  and  2  pre-S(2) -specif ic  antibody  binding  sites  were 
identified;  (4)  synthetic  pre-S(l)  region  T-cell  determinants  can  prime  in 
vivo  antibody  production  to  multiple  B-cell  epitopes  within  the  pre-S(2) 
and  S  regions,  as  well  as  within  the  pre-S(l)  region;  and  (5)  specificity 
of  the  primed  T  cell  population  can  influence  the  specificity  of  the  B~ 
cell  response. 
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SUMMARY 

While  much  is  known  about  the  structure  and  function  of  the  T-cell 
receptor  (TCR)  ap  heterodimer,  information  has  just  begun  to  emerge  about 
the  y  protein,  the  product  of  a  third  rearranging  T-cell  receptor  gene. 

We  describe  the  use  of  antiserum  to  a  carboxy-terminal  peptide  common  to 
several  of  the  murine  gamma  chain  constant  regions  and  a  monoclonal 
antibody  to  the  murine  T3  complex  to  identify  productsof  this  T-cell 
receptor  gene  family  in  a  subpopulation  of  Lyt2  ,  L3T4  thymocytes.  The 
gamma  chain  has  a  molecular  weight  of  35kD,  is  disulfide  bonded  to  a  45kD 
partner  termed  delta  (6)  and  is  associated  with  the  T3  complex.  The  cells 
that  bear  this  second  T-cell  receptor  appear  to  represent  a  distinct 
lineage  differentiating  within  the  thymus. 

INTRODUCTION 

Antigen-specific,  MHC-restricted  recognition  by  mature  T-cells  is 
mediated  by  the  clonotypic  aP  heterodimeric  receptor  (Allison,  McIntyre  & 
Bloch,  1982;  Meuer  et  al.,  1983;  Haskins  et  al.,  1983;  Kaye  et  al.,  1983; 
Samelson,  Germain  &  Schwartz,  1983;  Marrack  &  Kappler,  1986;  Dembic  et 
al.,  1986).  A  search  for  the  genes  encoding  the  a  and  p  proteins  revealed 
a  third  T  cell  receptor-like  gene,  termed  y,  which  rearranges  in  cells  of 
the  T  lineage  (Saito  et  al.,  1984).  A  clue  to  the  possible  function  of 
the  TCRy  product  came  from  the  finding  that  y  mRNA  is  expressed  at  high 
levels  in  early  murine  fetal  thymocytes  and  analogous  Lyt2  ,  L3T4  cells 
from  adult  thymus  (Raulet  et  al.,  1985;  Snodgrass  et  al.,  1985).  Using  an 
antipeptide  serum  and  a  monoclonal  hamster  antibody  to  the  murine  T3 
complex,  we  have  shown  that  a  subset  of  adult  Lyt2  ,  L3T4  thymocytes 
express  y  chain  on  their  surface  in  association  with  the  T3  complex. 

RESULTS 

The  murine  y  gene  family  has  been  extensively  characterized  at  the 
DNA  level  (Garman,  Doherty  &  Raulet,  1986;  Hayday  et  al.,  1985).  To 
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investigate  y  expression  at  the  protein  level,  we  generated  a  rabbit  anti¬ 
serum  against  the  KLH- conjugated  heptapeptide  (CGNEKKS)  that  corresponds 
to  the  carboxy  terminus  of  Cl,  C2  and  C3.  This  antiserum  (anti-y)  has 
the  potential  to  recognize  the  majority  of  products  of  the  known  y  genes. 

Because  y  mRNA  levels  are  high  in  immature  thymocytes,  studies  were 
initially  carried  out  on  these  subpopulations.  About  3-4%  of  adult 
thymocytes  express  low  levels  of  Lyl  and  no  Lyt2  or  L3T4.  Immunof luores- 
cent  staining  of  Lyt2  ,  L3T4  cells  with  the  anti-T3  revealed  that  a 
portion  (£5%)  express  high  levels  of  T3  (Fig.  1A).  In  mature  phenotype 
T  cells,  there  is  a  requirement  for  coordinate  expression  of  T3  with  an 
a0  heterodimer  (Weiss  et  al.,  1986).  Because  of_the  absence  of  TCRot  mRNA 
and  the  elevated  levels  of  TCRy  mRNA  in  the  Lyt2  ,  L3T4  subpopulation 
(Raulet  et  al.,  1985),  we  sought  to  determine  whether  the  T3  molecules 
expressed  on  these  cells  were  associated  with  a  TCRy  protein. 
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Fig.l.  Surface  T3  expression  of  freshly  isolated  and  cultured  Lyt2  , 

L3T4  thymocytes,  (a)  Lyt2  ,  L3T4  cells  isolated  from  fresh  adult  B6 
mouse  thymus  by  cytotoxic  elimination  with  a  monoclonal  antibody  to  Lyt2, 
anti-L3T4  and  anti-Lyl.2  were  stained  with  the  monoclonal  antibody  to  T3, 
145-201,  followed  by  a  FITC-labeled  mouse  antibody  to  hamster  immunoglob- 

ulin_(Ig)  (- - )  or  with  the  mouse  antibody  to  hamster  Ig  ( - ).  (b) 

Lyt2  ,  L3T4  cells  cultured  4  days  in  recombinant  IL-1,  recombinant  IL-2, 
WEHI-3  conditioned  medium  and  supernatant  from  Con  A  stimulated  rat  spleen 
cells  were  stained  as  above  with  anti-T3  followed  by  FITC-labeled  mouse 

antibody  to  hamster  Ig  ( - )  or  with  FITC-labeled  mouse  antibody  to 

hamster  alone  ( - ).  (c)  Two  color  analysis  of  Lyt2  ,  L3T4  cells 

cultured  4  days  as  above. 


Immunoprecipitation  of  surface  radioiodinated,  unfractionated  adult 
mouse  thymocytes  with  the  anti-y  did  not  reveal  any  evidence  of  gamma 
protein  (Fig.  2A) .  Immunoprecipitation  with  the  anti-T3  showed  the 
expected  a0  components  in  addition  to  T3  components  (Fig.  2A) .  However, 
both  the  anti-y  and  anti-T3  immunoprecipitated  a_protein  with  a  molecular 
weight  of  35kD  from  freshly  isolated  Lyt2  ,  L3T4  cells  (Fig.  2B).  By 
contrast,  the  size  of  the  a  and  0  chains  is  38kD  to  43kD.  When  excess  y 
peptide  was  present  during  the  anti-y  immunoprecipitation,  the  35kD  band 
was  eliminated  (first  lane),  implying  that  this  protein  is  specifically 
immunoprecipitated  by  the  anti-y  (second  lane) .  Immunoprecipitation  with 
anti-T3  clearly  revealed  an  additional  45kD  protein  (third  lane)  not 
easily  seen  with  the  anti-y  because  of  the  effect  of  the  immunoglobulin 
front  which  caused  background  bands  to  merge  in  this  region.  Both  the 
anti-y  and  anti-T3  immunoprecipitated  a  80kD  proteins  under  nonreducing 
conditions  (Fig.  2C),  indicating  that  the  35kD  and  45kD  proteins  exist  as 
a  disulfide  linked  heterodimer. 
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Fig.  2.  Immunoprecigitation  of  unfractionated  thymocytes  and  freshly 
isolated  Lyt2  ,  L3T4  thymocytes  with  anti-y_and  anti-T3  antibody.  (A) 
Unfractionated  thymocytes,  (B,  C)  fresh  Lyt2  ,  L3T4  cells  and  (D)  4  day 
cultured  (majority  T3  )  Lyt2  ,  L3T4  cells  were  125I-surface  labeled, 
lysed  with  NP-40  (for  anti-y)  or  digitonin  (for  anti-T3)  and  immunopre- 
cipitated  with  the  anti-y  +  y  peptide  (yP)  (lane  1,  each  panel),  anti-y 
+  irrelevant  peptide  (IP)  (lane  2  each  panel),  or  the  anti-T3  (lane  3 
each  panel).  All  samples  were  run  on  SDS-PAGE  gels  under  reducing  condi¬ 
tions  except  for  C  which  was  run  under  nonreducing  conditions. 

Further  biochemical  characterization  of  the  y  receptor  complex  wys 
facilitated_by  a  procedure  that  enabled  us  to  selectively  grow  out  T3  , 
Lyt2  ,  L3T4  thymocytes.  When  these  cells  were  cultured  in  a  combination 
of  IL-1,  IL-2,  rat  £on  A  supernatant  and  WEHI-3  conditioned  medium  (as  a 
source  of  IL-3),  T3  cells  proliferated.  After  4  days  of  culture,  the 
majority  of  live  cells  were  T3  while  retaining  the  Lyt2  ,  L3T4  phenotype 
(Fig.  1B,C).  The  pattern  seen  on  one  dimensional  reducing  SDS-PAGE  gels 
of  anti-y  and  anti-T3  immunoprecipitates  of  the  4  day  cultured  cells  is 
virtually  identical  to  freshly  isolated  Lyt2  ,  L3T4  cells  (Fig.  2D), 
suggesting+that,  at  the  biochemical  level,  they  are  representative  of  the 
in  vivo  T3  ,  Lyt2  ,  L3T4  population.  Figure  3  shows  the  results  of 
diagonal  gels  (1st  dimension  under  nonreducing  conditions,  2nd  dimension 
under  reducing  conditions)  from  anti-y  and  anti-T3  immunoprecipitations  of 
these  4  day  cultured  cells.  A  35kD  and  a  45kD  protein  are  clearly  seen 
below  the  diagonal  in  both  cases.  These  two  spots  were  completely  absent 
when  excess  y  peptide  was  added  to  the  anti-y  immunoprecipitation.  This 
experiment  proves  that  the  receptor  on  these  cells  is  a  disulfide-linked 
heterodimer. 

In  order  to  determine  which  of  the  T3-associated  proteins  reacts  with 
the  anti-y,  digitonin  lysates  were  first  immunoprecipitated  anti  anti-T3. 
After  elution  with  SDS,  the  disulfide  bond  between  the  two  chains  of  the 
heterodimer  was  broken  by  reduction  with  dithiothreitol ,  followed  by 
alkylation  with  iodoacetamide.  The  noncovalently  linked  chains  of  the 
T3-associated  heterodiraer  were  then  immunoprecipitated  with  the  anti-y 
and  run  on  an  SDS-PAGE  gel.  Under  these  conditions,  only  the  35kD  protein 
is  seen  (Fig.  4A) ,  indicating  that  this  molecule  is  the  y  chain.  This 
experiment  also  confirms  that  the  y  protein  is  T3-associated. 
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To  gain  information  on  Vy  expression  in  these  cells,  we  utilized  the 
enzyme  N-glycosidase  F,  which  removes  N-linked  carbohydrate  groups.  This 
analysis  is  informative  for  the  murine  y  proteins  because  the  Vyl.2-Cy2 
chain  has  no  N-linked  carbohydrate  acceptor  sites  (Saito  et  al.,  1984). 
Both  the  y  chain  and  its  45kD  partner  are  N-glycosidase  F  sensitive 
(Fig.  4B) .  It  appeared  that  the  y  chain  reduced  to  the  predicted  core 
molecular  weight  of  32kD  and  its  partner  reduced  to  35kD.  To  confirm  that 
all  of  the  y  protein  is  N-glycosidase  F  sensitive,  anti-y  immunoprecipi- 
tates  were  treated  with  N-glycosidase  F  followed  by  reduction  and  alkyla¬ 
tion  and  then  reprecipitated  with  the  anti-y.  Under  these  conditions, 
all  the  35kD  material  reduced  to  32kD  and  no  35kD  material  is  present  in 
the  N-glycosidase  F  treated  sample  (Fig.  4C).  Taken  together,  these 
results  indicate  that  all  of  the  35kD  y  chain  is  N-glycosylated.  The 
important  conclusion  from  this  analysis  is  that,  in  this  thymic  subpopu¬ 
lation,  there  is  not  detectable  expression  of  the  Vyl.2-Cy2  gene,  which 
should  have  a  native  molecular  weight  of  32kD  and  be  N-glycosidase 
resistant. 
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Fig.  3.  Diagonal  gels  of  anti-y  and  anti-T3  immunoprecipitates  of  4  day 
cultured  Lyt2  ,  L3T4  cells.  Four  day  cultured  cells  were  surface 
radioiodinated  and  lysates  prepared  as  in  Fig.  3.  Immunoprecipitates  with 
(A)  anti-y  +  y  peptide  (yP),  (B)  anti-y  +  irrelevant  peptide  (IP)  and  (C) 
anti-T3,  were  run  without  reduction  in  the  first  dimension  and  then  under 
reducing  conditions  in  the  second  dimension. 


It  is  difficult  to  reconcile  these  findings  with  models  that  directly 
link  y  expression  on  thymic  precursors  to  MHC  restriction  of  ap  bearing  T 
cells,  either  due  to  developmental  selection  of  yp  heterodimers  (Raulet  et 
al.,  1985;  Snodgrass  et  al.,  1985)  or  reexpression  of  selected  y6  receptors 
on  mature  T  cells  (Langman,  1978).  Either  of  these  models  would  predict 
that  the  same  y  chain  would  be  expressed  in  developing  thymocytes  as  in 
mature  ap  bearing  T  cells  (i.e.  Cy2-Cyl.2).  The  predominant  expression  of 
the  glycosylated  y  species  (derived  for  Cyl)  in  C57BL/6  thymus  instead 
suggests  that  the  y6  receptor  may  define  a  separate  T~cell  lineage  whose 
intrathymic  development  precedes  that  of  classic  ap  T-cells  (Fig.  5).  The 
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presence  of  y  gene  rearrangements  in  mature  cells  with  the  ap  receptor 
(Saito  et  al.,  1964)  as  well  as  partial  p  gene  rearrangements  in  cells 
that  bear  the  y6  receptor  (data  not  shown)  indicates  that  both  lineages 
may  derive  from  a  common  precursor.  Recent  evidence  suggests  that  imma¬ 
ture  thymocytes  begin  to  rearrange  their  TCR  genes  synchronously 
(Born  et  al.,  1986).  However,  the  y  (and  possibly  6)  locus  complete  a 
V-J-C  rearrangement  in  most  thymocytes  at  a  time  when  most  p  locus  rear¬ 
rangements  are  incomplete  (D-J-C).  Therefore,  the  y6  heterodimer  would  be 
the  first  T  cell  receptor  to  appear  in  the  developing  thymus.  Since 


Fig.  4.  Reduction-alkylation  and  N-glycosidase  F  treatment  of  4  day 
cultured  Lyt2  ,  L3T4  thymocytes^  (A)  A  digitonin  lysate  of  surface 
radioiodinated  4  d  cultured  Lyt2  ,  L3T4  cells  was  immunoprecipitated  with 
anti-T3  followed  by  elution  with  SDS,  reduction  with  dithiothreitol , 
alkylation  with  iodoacetamide,  and  immunoprecipitation  with  anti-y.  The 
imm unoprecipitate  was  run  on  a  10%  reducing  SDS-PAGE  gel.  (B)  Cells  were 
immunoprecipitated  with  anti-T3  and  eluted  as  above.  Half  the  sample  was 
treated  with  N-glycosidase  F  (lane  2)  and  half  was  not  (lane  1).  After 
treatment,  samples  were  run  on  a  10%  reducing  SDS-PAGE  gel.  (C)  Cells 
were  immunoprecipitated  with  anti-y  followed  by  treatment  with 
N-glycosidase  as  in  B,  and  then  reduced  and  alkylated  as  in  A.  They  were 
then  reimmunoprecipitated  with  anti-y  and  run  on  a  10%  reducing  SDS-PAGE 
gel.  All  the  bands  in  the  40-45kD  region  represented  background  which  was 
not  y-peptide  inhibitable  (data  not  shown). 


thymocytes  with  the  y6  heterodiraer  predominantly  express  1.0  kb  p  mRNA 
(data  not  shown),  which  is  the  product  of  an  incomplete  D-J  rearrangement, 
it  is  likely  that  once  the  pioduct  of  a  productively  rearranged  y  and  6 
gene  is  synthesized,  further  rearrangement  of  P  (and  a)  genes  does  not 
occur.  If  the  rearrangement  of  y  or  6  is  nonproductive,  no  full  length 
protein  is  produced  and  the  cell  continues  to  rearrange  its  P  and  a  genes 
in  an  attempt  to  produce  an  ap  'leterodimer . 
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Fig.  5.  Model  for  developmental  expression  of  two  distinct  T-eell  recep¬ 
tors.  Synchronous  rearrangement  of  TCR  genes  is  envisioned  to  occur 
in  prothymocytes  upon  entry  into  the  thymus.  Completed  rearrangements 
occur  in  the  y  and  6  genes  at  a  point  when  rearrangements  of  p  (and  ff)  are 
partial.  If  productive  y  and  6  rearrangements  occur,  a  T3-y6  receptor  is 
produced  halting  further  rearrangements  of  p  and  a,  committing  the  cell  to 
this  lineage.  If  a  nonproductive  y  or  6  rearrangement  occurs,  the  cell 
continues  to  rearrange  its  a  and  p  genes  and  can  ’  t  .'ome  a  T3-ap  bearing 
cell  subject  to  intrathymic  selection  mechanism- 
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ABSTRACT 

Factor (s)  derived  from  plate  purified  T-cell  cultures  obtained  from 
mice  16  hr  after  immunization  with  Type  III  pneumococcal  polysaccharide 
(SSS-III) ,  suppressed  the  antibody  response  to  SSS-III.  Such 
suppression  was  antigen  specific.  Adsorption  of  the  suppressor  factor 
(SF)  with  SSS-III  covalently  bound  to  Sepharose  4B  column  did  not  alter 
the  ability  of  SF  to  suppress  the  antibody  response.  However, 
adsorption  of  SF  with  Ig  (B)  cells  taken  from  mice  48  hr  after 
immunization  with  an  immunogenic  dose  (0.5  ug)  of  SSS-III,  completely 
removed  the  suppressive  activity.  Suppression  of  the  antibody  response 
was  observed  only  when  SF  was  administered  24  hr  before  to  24  hr  after 
immunization  with  SSS-III.  These  results  suggest  that  antigen  specific 
suppressor  T  cells  release  soluble  factor (s)  which  acts  directly  on 
antigen-stimulated  B  cells  or  may  inhibit  the  induction  of  amplifier  T- 
cells. 

INTRODUCTION 

A  number  of  studies  have  shown  that  suppressor  T- cells  regulate  the 
antibody  response  to  Type  III  pneumococcal  polysaccharide  in  an  antigen 
specific  manner  (1-4).  It  has  also  been  demonstrated  that  these 
suppressor  T-cells  function  early  during  the  course  of  a  normal  antibody 
response,  suggesting  that  suppressor  cells  act  mainly  to  restrict  the 
expansion  of  B- cells  from  the  precursor  cell  pool  (3).  However,  the 
exact  mechanisms  by  which  the  antibody  response  is  downregulated  remains 
to  be  elucidated.  Studies  by  other  investigators  demonstrate  that 
suppressor  T-cells  function  by  inhibiting  the  activity  of  helper  cells 
via  the  release  of  cell  free  products  (5-6)  .  Some  of  these  cell  free 
products  bind  antigen  while  others  bind  idiotypic  determinants  (ID) .  In 
the  antibody  response  to  SSS-III  only  a  single  suppressor  T-cell  has 
been  described.  This  suppressor  cell  can  be  activated  by  ID  on  antigen 
stimulated  B -cells  (7).  This  may  suggest  that  any  putative  suppressor 
factors  produced  may  be  directed  at  antigen  stimulated  B- cells.  This 
study  was  conducted  to  characterize  soluble  factors  released  from 
antigen  specific  suppressor  T  cells. 
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METHODS 


Mice.  Female  BALB/cByJ  mice  (8  to  10  wk  of  age) ,  obtained  from  The 
Jackson  Laboratory,  Bar  Harbor,  ME,  were  used  throughout  this  work. 

Immunologic  methods.  Numbers  of  antibody-producing  plaque-forming 
cells  (PFC)  specific  for  SSS-III  or  dextran  B1355  were  detected  by  a 
slide  version  of  the  technique  of  localized  hemolysis-in-gel  by  using 
indicator  SRBC  coated  with  polysaccharide  by  the  Crcl3  method,  as 
described  (1-4) . 

Student’s  t-test  was  used  to  assess  the  significance  of  the 
differences  observed.  Differences  were  considered  to  be  significant 
when  probability  (p)  values  of  <0.05  were  obtained. 

Isolation  of  spleen  cells  by  plate-separation  procedure.  The 

method  used  for  the  recovery  of  nonimmunoglobulin-bearing  (Ig  )  cells 
from  spleen  cell  suspensions  has  been  described  in  detail  (7).  Briefly, 
affinity-purified  goat  anti-mouse  Ig  antibody  (GAMIg)  was  diluted  in 
0.05  M  Tris,  pH  9.5,  and  10  ml  of  the  resulting  solution  were  poured 
onto  plastic  petri  plates.  Spleen  cell  suspensions  (treated  to  remove 
erythrocytes)  were  added  to  plates  coated  with  GAMlg  antibody.  After 
appropriate  incubation  the  unattached  cells  were  decanted. 

The  purity  of  the  cell  suspensions  recovered  by  the 

plate-separation  procedure  was  assessed  by  fluorescence-activated  cell 
sorter  analysis  (FACS-II  System:  Becton  Dickinson,  Mountain  View,  CA) 
(7)  .  In  the  experiments  to  be  described  the  nonadJ^erent  cell  suspension 
used  was  found  to  contain  <2%  Ig  and  96%  Thy-1.2  cells;  the  adherent 
cell  suspensions  contained  >97%  Ig  cells. 

Preparation  of  soluble  factor.  Spleens  were  harvested  from  mice  16 
hr  after  immunization  with  0.5  ug  of  SSS-III.  Spleen  cell  suspension^ 
were  prepared,  and  spleen  cells  were  cultured  at  a  density  of  5  x  10 

cells/ml  for  24  hr  in  a  mixture  of  50%  Iscove's  medium  (GIBCO)  and  50% 

Ham's  nutrient  F-12  medium  (GIBCO)  supplemented  with  10,000  U  of 
penicillin  and  streptomycin,  50mM  L-glutamine,  20nM  sodium  bicarbonate 
(7.5%),  0.1  M  insulin,  and  0.1  M  transferrin.  Cell  free  supernantant 
fluid  was  obtained  from  spleen  cell  cultures  by  centrifugation  (1500  rpm 
for  20  min),  filtered  by  passage  through  0.45-um  Millipore  filters 
(Millipore  Corp. ,  Bedford,  MA) ,  and  stored  at  -70°C  until  used.  Unless 
stated  otherwise,  the  suppressor  factor  (SF)  was  given  3  hr  before 
immunization  with  0.5  ug  SSS-III. 

RESULTS 

Effect  of  SF  on  the  Magnitude  of  the  antibody  response  to  SSS-III. 
In  this  experiment  SF  was  obtained  by  culturing  plate  purified  Ig  (T) 
cells  taken  from  immunized  mice  for  24  hr.  The  SF  obtained  was  given  to 
recipient  animals  3  hr  before  immunization  with  0.5  ug  SSS-III.  The 
results  show  that  the  injection  of  SF  resulted  in  significant 
suppression  (71%)  of  the  PFC  response  to  SSS-III  (p<0.05).  The 
suppression  produced  was  similar  to  that  noted  when  SF  was  obtained  from 
whole  spleen  cell  cultures  (63%;  p<0.05).  No  suppression  was  observed 
when  mice  were  injected  with  SF  derived  from  cultures  of  B  cells  (Ig 
cells)  or  plastic  adherent  cells  (not  shown) . 
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Table  1. 

Effect  of  SF  on  the  antibody 

response  to  SSS-III 

SSS-III  Specific 

Pretreatment 

PFC/Spleen3 

Mean  %  Suppression 

None 

4.12  ±  0.07  (13,060) 

SF-Ig” 

3.58  ±  0.25  (  3,814) 

71 

SF-whole 

3.69  ±  0.14  (  4,920) 

63 

a  Donor  mice  were  injected  with  0.5  ug  SSS-III;  16  hr  later  spleen  cell 
suspensions  were  prepared  and  cultured  for  24  hr.  A  portion  (0.4  ml) 
of  SF,  obtained  from  cell  culture  of  whole  spleen  cells  (SF-whole)  or 
Ig“  cells  derived  from  inmunized  donors  (SF-Ig  )  was  given  i.v.  to 
naive  recipients  3  hr  before  immunization. 

Log  PFC  per  spleen  ±  SEM  for  groups  of  10  mice  5  days  after 
immunization  with  SSS-III;  geometric  means  are  in  parentheses. 

The  ability  of  SF  to  cause  suppression  after  adsorption  with 
SSS-III-Sepharose-4B.  We  tested  the  hypothesis  that  the  suppressive 
factor  (SF)  may  be  SSS-III  specific  antibody  which  can  alter  the 
antibody  response  of  recipient  mice  via  antibody-mediated  feedback 
mechanism.  The  adsorbed  and  unadsorbed  portions  of  the  same  pool  of  SF 
were  injected  (i.v.)  into  recipient  mice,  3  hr  before  immunization  with 
0.5  ug  SSS-III.  The  results  are  shown  below  in  Table  2.  SF  adsorbed 
with  SSS-III  immobilized  on  a  column  (Sepharose  4B)  caused  a  62% 
suppression  of  the  antibody  response  to  SSS-III  (p<0.05);  the  degree  of 
suppression  paralleled  that  noted  for  animals  receiving  unadsorbed  SF 
(66%;  p  0.05).  These  findings  show  that  SF  does  not  bind  to  the 
antigen  and  suggest  that  SF  is  not  SSS-III  specific  antibody.  Studies 
reported  elsewhere  (8)  show  that  SF  can  be  prepared  from  donor  mice 
given  a  subimmunogenic  dose  (0.005  ug)  of  SSS-III.  Because  the  dose  of 
0.005  ug  SSS-III  does  not  result  in  any  detectable  serum  antibody  or  PFC 
within  6  days  after  antigen  is  given,  the  latter  findings  support  the 
statement  that  the  suppression  observed  (due  to  SF)  is  not  mediated  by 
SSS-III  specific  antibody. 

Table  2.  Ability  of  SF  to  cause  suppression  after  adsorption  with 

SSS-III  Sepharose  4b 


a 

Treatment 

SSS-IlI-Specjlfic 

PFC/Spleen 

Mean  % 

Suppression 

None 

4.22  ±  0.07  (16.677) 

- 

SF  before  adsp. 

3.76  ±  0.11  (  5.751) 

66 

SF  after  adsp. 

3.81  ±  0.12  (  6.393) 

62 

SF  was  adsorbed  with  a  Sepharose  4B  column  (coated  with  SSS-III) 
Jaefore  the  injection  (i.v.)  of  0.4  ml  SF  into  recipient  mice. 

Log10  PFC  per  spleen  ±  SEM  for  groups  of  10  mice  5  days  after 
immunization  with  0.5  ug  SSS-III;  geometric  means  are  in  parentheses. 
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Antigen  specificity  of  the  suppression  induced  by  SF.  We  also 
examined  whether  the  suppresion,  of  antibody  response  to  SSS-III  is 
antigen  specific  (7).  Besides  SSS-III,  two  other  antigens  were  used: 
SRBC,  and  dextran  (8).  In  this  experiment  mice  were  injected  with  SF  or 
culture  medium  and  three  hours  later  inmunized  with  0.5  ug  SSS-III,  5  x 
10°  SRBC  or  100  ug  dextran  B-1355.  The  antibody  responses  in  all  cases 
were  assessed  5  days  following  inmunization.  Table  3  depicts  the 
results.  The  administration  of  SF  produced  significant  (p<0.05) 
suppression  of  the  antibody  response  (71%  and  65%) .  No  significant  (p> 
0.05)  alteration  of  antibody  response  to  SRBC  or  dextran  was  noted  after 
SF  was  given.  These  findings  suggest  that  the  suppression  mediated  by 
SF  is  antigen  specific. 


Table  3.  Antigen  specificity  of  soluble  factor 


a 

Treatment 

SSS-III 

PFC/Spleen*3 

SRBC 

PFC/Spleen^ 

Dextran 

PFC/Spleen 

Medium 

4.26  ±  0.05 

5.33  ±  0.048 

4.89  ±  0.07 

(18.370) 

(215,200) 

(76,980) 

SF 

3.73  ±  0.d45 

5.32  ±  0.04 

5.04  ±  0.11 

£5,321) 

(206,900) 

(110,200) 

(%  Supp) 

(71) 

(3) 

(0) 

a  Culture  medium  or  SF  wasfigiven  (i.v.)  3  hr  before  immunization  with 
0.5  ug  SSS  III  or  5  x  10°  SRBC  or  100  ug  dextran  B-1355. 

Log  PFC  per  spleen  t  SEM  for  groups  of  eight  mice  5  days  after 
SSS-III,  SRBC  or  dextran  B-1355;  geometric  means  are  in  parentheses. 


Adsorption  of  SF  with  immune  B  cells.  The  results  of  previous 
studies  showed  that  antigen  specific  suppressor  T-cells  can  be  activated 
by  the  infusion  of  immune  B  cells  (7) .  The  development  of  suppressor  T- 
cells  can  be  inhibited  by  pretreating  the  immune  B  cells  with  anti-IgM, 
anti-lgD  or  anti-ID  antibody  (unpublished  observations) .  Therefore,  we 
tested  the  possibility  that  SF  released  from  suppressor  T-ce^ls  are 
directed  against  ID  on  B -cells.  Here,  SF  was  adsorbed  with  Ig  cells 
obtained  48  hr  after  immunization  with  0.£  ug  SSS-III  or  100  ug  dextran 
B1355.  SF  was  also  adsorbed  with  Ig  cells  from  naive  animals. 
Adsorption  was  done  for  30  min  at  4°C.  Recipient  animals  were  injected 
with  adsorbed  and  unadsorbed  portions  of  SF  3  hr  before  immunization. 
The  results  (Table  IV)  show  that  SF  adsorbed  with  naive  B  cells  or  B- 
cells  obtained  from  donors  immunized  with  dextran  caused  a  significant 
suppression  (p<0.05)  of  antibody  response  to  SSS-III  (56%  and  64% 
respectively) .  No  suppression  was  observed  when  SF  was  adsorbed  with  B- 
cells  from  mice  imnunized  with  SSS-III.  The  data  suggest  that  SF  is 
directed  at  a  restricted  clone  of  antigen  stimulated  B  cells. 
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Table  IV.  Effect  of  adsorption  with  inmune  B-cells  on  the  capacity  of 
SF  to  suppress  the  antibody  response  to  SSS-III 


a 

Treatment 

SSS-III-Specjific 

PFC/Spleen 

Mean 

Suppression 

a) 

None 

4.17  ±  0.03 

(14,770) 

b) 

SF 

(unadsorbed) 

3.73  ±  0.09 

(  5,338) 

64 

c) 

SF 

(SSS-III  B  cell-ads.) 

4.29  ±  0.03 

(19,440) 

0 

d) 

SF 

(dextran  B  cell-ads.) 

3.73  ±  0.12 

(  5,360) 

64 

e) 

SF 

(naive  B  cell-ads.) 

3.82  ±  0.10 

(  6,528) 

56 

SF  was  adsorbed  with  B-cells  from  mice  immunized  with  0.5  ug  SSS-III 
(c) ,  or  100  ug  dextran  B1355  (d) ,  or  naive  B-cells  (e) .  Adsorption 
was  done  at  4°C  for  30  min.  Later,  adsorbed  or  unadsorbed  portions 
of  SF  were  injected  into  recipients  3  hr  before  immunization  with  0.5 
ug  SSS-III. 

Logic  PFC  per  spleen  +  SEM  for  groups  of  eight  mice  5  days  after 
immunization  with  SSS-III}  geometric  means  are  in  parentheses. 


Effect  of  time  lapse  between  the  injections  of  SF  and  immunization 
with  SSS-III.  The  foregoing  experiment  suggest  that  SF  acts  directly  on 
antigen  stimulated  B-cells.  However,  it  is  conceivable  that  SF  may  act 
on  amplifier  T-cells  (9)  or  on  other  suppressor  cells.  Here,  SF  was 
given  to  groups  of  mice  at  various  intervals  before  or  after 
immunization  with  SSS-III.  The  results,  published  elsewhere  (8),  show 
that  when  SF  was  given  24  hr  prior  to  immunization  or  24  hr  after 
immunization  with  SSS-III  there  was  no  significant  suppression  (p  0.05) 
of  antibody  response.  Substantial  suppression  was  seen  only  when  SF  was 
given  24  hr  or  less  prior  to  immunization,  at  the  time  of  immunization, 
or  24  hr  post  immunization.  These  findings  indicate  that  SF  acts  early 
in  the  course  of  the  antibody  response  either  directly  on  B-cells  or  by- 
inducing  another  suppressor  T  -  cell  that  alters  amplifier  T  -  cell 
activity. 


DISCUSSION 


Communication  between  cells  of  the  immune  system  occurs  invariably 
by  means  of  biologically  active  factors.  The  results  of  the  present 
study  demonstrate  that  cell  free  products  released  from  cultures  of  T 
cells  from  immunized  animals  can  suppress  the  antibody  response  to 
SSS-III.  Indeed,  soluble  factors  have  been  described,  for  a  number  of 
systems,  that  are  active  in  vivo  or  in  vitro.  Some  of  these  factors 
have  been  extensively  characterized  with  respect  to  dependence  on 
accessory  cells  for  induction,  ability  to  bind  antigen,  idiotype  or  MHC 
gene  products,  and  the  involvement  of  single  or  multiple  factors 
(10,11). 

In  this  report,  the  degree  of  suppression  obtained  using  the 
suppressive  factor  (SF)  was  similar  to  that  noted  in  previous  studies  in 
which  suppression  was  transferred  with  intact  T-cells  (3) .  The  results 
show  that  substantial  suppression  of  antibody  response  to  SSS-III  was 
seen  when  SF  was  given  around  the  time  of  immunization  of  the  recipient 
animals  (8) .  This  observation  is  consistent  with  earlier  reports  that 
antigen-specific  suppressor  T-cells,  generated  in  response  to  SSS-III, 
act  early  during  the  course  of  the  antibody  response.  The  results 
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suggest  that  SF  presumably  binds  to  and  limits  clonal  expansion  of 
antigen  reactive  B- cells.  However,  we  also  considered  the  hypothesis 
that  SF  induces  another  suppressor  T  cell  which  acts  by  inhibiting 
amplifier  T-cell  activity  (9) .  The  latter  line  of  reasoning  steins  from 
the  observation  that  amplifier  T  cell  activity  peaks  at  48  hr  after 
immunization  with  SSS-III  (9).  Nonetheless,  the  fact  that  SF  can  be 
adsorbed  with  immune  B- cells,  makes  the  antigen  stimulated  B -cells  a 
more  likely  target.  Studies  have  shown  that  immune  B- cells  treated  to 
remove  any  residual  antigen  are  capable  of  activating  suppressor  T-cells 
(12).  The  results  presented  in  this  study  (Table  2)  show  that  SF  does 
not  bind  to  antigen.  These  findings  strongly  suggest  that  SF  binds  to 
ID  on  antigen  stimulated  B -cells.  This  hypothesis  is  supported  by  the 
observation  in  these  studies,  that  the  suppression  observed  when  SF  is 
administered  is  antigen  specific. 
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SUMMARY 

A  panel  of  "auto-reaotive"  T-cell  hybridomas  has  been  generated  by 
fusing  Sendai  virus-primed,  Peyer’s  patch  T  cells  from  CBA  mice  with  BW 
5147.  The  hybridomas  produce  11-2  in  response  to  stimulation  by  Class 
II-positive  syngeneic  cells  in  the  absence  of  added  Sendai  virus.  The 
stimulator  genes  for  two  hybridoma  clones  have  been  mapped  using 
recombinant  mouse  strains  and  the  restriction  has  been  confirmed  by 
inhibition  with  monoclonal  anti-Class  II  antibodies. 

Hybridomas  grown  in  serum-free  medium  do  not  respond  to  syngeneic 
cells  in  the  absence  of  foetal  calf  serum  (FCS)  and  the  response  is 
restored  by  the  addition  of  FCS,  but  not  bovine  serum  albumin  (BSA) ,  normal 
mouse  serum  or  Sendai  virus.  The  component  of  FCS  which  is  required  for 
stimulation  of  the  hybridomas  ha3  been  partially  purified  and 
characterised.  Its  mode  of  action  has  been  investigated  and  it  acts  on 
the  stimulator  cells  and  not  on  the  hybridomas. 


INTRODUCTION 

In  recent  years  several  groups  have  reported  the  generation  of 
putative  auto-reactive  T-cell  clones  and  hybridomas  during  attempts  to 
produce  T-cell  populations  specific  for  a  wide  variety  of  exogenous 
antigens  (Endres,  Marrack  and  Kappler,  1983;  Rock  and  Benacerraf,  1983; 
Faherty,  Johnson  and  Zauderer,  1985;  Muller  and  Kaufmann,  1985;  Julius  and 
Heusser,  1986;  Saito  et  al.,  1986).  It  has  been  postulated  that  the  ease 
with  which  these  auto-reactive  T  cells  are  isolated  suggests  that  they 
occur  at  high  frequencies  in  vivo  and  are  important  in  immunoregulation 
(Kawanishi,  Ozato  and  Strober,  1985;  Saito  et  al.,  1986).  However  there 
is  still  debate  over  whether  these  auto-reactive  T  cells  are  truly  self¬ 
reactive  and  recognise  self-MHC  antigens  alone,  or  whether  they  are  merely 
in  vitro  artefacts,  responding  to  non-polymorphlc  antigens  present  in 
the  cultures  in  a  self-restricted  fashion.  This  matter  has  recently  been 
discussed  by  Bretscher  (1986)  who  questioned  the  significance  of  auto- 
reactive  T  cells.  The  role  of  xenogeneic  or  allogeneic  sera  in  culture 
medium  is  particularly  controversial  (reviewed  by  Denizot  and  Golstein, 
1982)  and  the  experiments  reported  here  address  this  issue. 
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MATERIALS  AND  METHODS 


Mice 

Inbred  mice  were  obtained  from  our  own  animal  house  in  the  Department 
of  Pathology,  Cambridge  University.  The  strains  used  in  this  work  include: 
CBA,  AKR,  C3H/He  (all  H-2k) ,  C57B1  (H-2*>),  BALB/c  (H-2<*),  DBA-1  (H-2^)  and 
SJL  (H-28).  H-2  recombinant  mice  obtained  from  Olac  Ltd  included 

B10.A(4R),  B10.AC5R),  A.TL  and  B10.AQR. 

Media  and  reagents 

Serum-free  medium:  RPMI-1640  basal  medium  supplemented  with  human 
albumin  (fraction  V)  and  transferrin  to  a  total  protein  concentration  of 
730ug/ml  (NEN  Research  Products).  Complete  medium:  Standard  RPMI-1640 
(Gibco)  supplemented  with  lOt  heat-inactivated  foetal  calf  serum  (Gibco). 
Both  media  were  supplemented  with  100  i.u./ml  benzyl  penicillin,  100 
i.u./ml  streptomycin,  0.1  mg/ml  gentamycin,  ImM  sodium  pyruvate,  2mM 
L-glutamine  (all  Gibco)  and  2x10“^  M  2-mercaptoethanol  (Sigma).  Sendai 
virus  vaccine  was  supplied  by  MA  Bioproducts,  Dyna  Sciences  Corp.  and  pure 
Sendai  virus  preparation  by  Abtek  Biologicals.  Monoclonal  anti-I-Ak 
(la. 2)  and  anti-I-Ek  (la. 7)  antibodies  were  obtained  from  Sera-lab. 
Recombinant  IL-2  was  kindly  supplied  by  Cetus  Corp. 

Generation  of  Peyer's  patch  T  cell  hybridomas 

8-12  week  old  CBA  mice  were  immunised  intra-Peyer 's  patch  with  Sendai 
vaccine.  The  gut  was  exposed  and  about  lOul  vaccine  injected  into  each 
patch.  7  days  later  the  mice  were  killed  and  the  Peyer's  patches  (PP) 
removed  and  a  single  cell  suspension  prepared  by  protease  digestion 
according  to  the  method  of  Frangakis  et  al.  (1982).  Viable  cell3  were 
separated  on  Ficoll-paque  and  were  enriched  for  T-cells  by  passing  down 
nylon  wool  columns.  PP  T-cells  were  cultured  at  106/ml  along  with  2x105/ml 
irradiated  (3000  rads),  syngeneic  plastic-adherent  PP  cell3  to  act  as 
antigen  presenting  cells.  The  cultures  were  in  complete  medium  with  pure 
Sendai  virus  included  at  a  1/25,000  dilution.  After  culture  for  6  days  at 
37°C  in  a  humidified  atmosphere  of  5<  C02/95*  air,  the  viable  cells  were 
fused  with  BW  5147  at  a  ratio  of  5:1,  using  polyethylene  glycol  1500. 
Hybridomas  were  selected  by  culture  in  HAT  medium. 

Culture  conditions 


Irradiated  peritoneal  wash-out  cells  or  spleen  cells  (3000  rads)  were 
used  as  stimulator  cells.  200 ul  cultures  in  flat-bottomed,  96  well  plates 

generally  contained  10&  spleen  cells  which  were  cultured  for  24h  prior  to 
the  addition  of  2x10^  hybridoma  cells.  After  2  further  days  in  culture 
supernatants  were  collected  and  stored  at  -20°C  prior  to  assay  for  IL-2 
activity. 

Supernatants  were  tested  for  their  ability  to  support  the  growth  of 
the  IL-2  dependent  cell  line,  CTL-D.  Test  cultures  contained  lOOul 
supernatant  and  lOOul  CTL-D  at  105/ml  in  complete  medium.  Cultures  were 
incubated  for  24h,  and  6h  before  the  termination  of  culture,  cells  were 
pulsed  with  luCi  titrated  thymidine  (Amersham  International).  The  cells 
were  harvested  on  to  glass  filter  papers  and  were  dried  before  the 
assessment  of  tritiated  thymidine  incorporation  was  made  by  liquid 
scintillation  counting.  Results  are  expressed  as  cpm  tritiated  thymidine 
incorporation  and  are  the  means  for  triplicate  cultures.  Duncan's  range 
test  was  used  for  the  statistical  analysis  of  the  data,  and  values 
underlined  are  significantly  greater  than  the  BW  alone  controls. 
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Table  1 .  Stimulation  of  hybridomas  by  syngeneic  cells  and  Sendai  virus 

Hybridoma 


Stimulators 

Medium 

BW 

33 

53 

57 

89 

None 

355 

249 

272 

270 

Spleen  cells 

242 

211 

14264 

7610 

239 

11215 

Virus  alone 

225 

311 

308 

302 

235 

270 

Spleen  cells  +  virus 

261 

337 

11077 

9974 

473 

13386 

RESULTS 

When  the  hybridomas  were  tested  for  any  antigen  specificity  by 
assessing  their  ability  to  respond  to  pure  Sendai  virus  in  the  presence  of 
syngeneic  antigen  presenting  cells,  several  hybridomas  were  found  to 
respond  to  syngeneic  cells  in  the  absence  of  added  virus  (Table  1).  This 
apparent  "auto-reactivity"  was  not  due  to  viral  contamination  of  the  animal 
stocks  since  spleen  cells  from  isolator-reared  mice  gave  similar  results. 
The  ability  of  the  T  cell  hybridomas  to  respond  was  unstable  and  it  was 
therefore  essential  to  clone  the  hybridoma  lines  to  stabilise  their 
activity.  Hybridoma  clones  89.2  and  33.11  were  used  in  the  subsequent 
experiments  and  BW  was  always  included  to  provide  a  negative  control. 

The  hybridoma  clones  were  stimulated  by  cells  from  mice  of  the  k 
haplotype  and  not  from  mice  of  the  b,d,q  or  s  haplotypes.  Recombinant  mice 
were  used  to  map  the  H-2k  stimulator  gene  (Table  2).  It  was  shown  using 
A.TL  and  B10.AQR  that  the  gene  whose  product  stimulated  the  hybridomas  was 
in  the  I  region  of  the  MHC.  To  further  characterise  the  stimulator  gene 
the  recombinant  congenic  mouse  strains  B10.A(4R)  and  B10.A(5R)  were  used. 
The  stimulator  gene  for  hybridoma  89.2  was  mapped  to  I-Ak,  since  B10.A(4R) 
was  a  stimulator  whilst  B10.A(5R)  was  not.  Since  hybridoma  33.11  responds 
to  A.TL  and  B10.AQR  but  not  B10.A(4R)  or  B10.A(5R)  the  crucial  gene  for 
stimulating  hybridoma  33-11  must  be  E|  .  The  determinant  responsible  for 
stimulating  hybridoma  33.11  may  be  on  Eg  or  may  be  formed  by  the 
association  of  Eg  with  Ek  or  Ak  .  The  restriction  patterns  have  been 
confirmed  by  inhibition  by  monoclonal  anti-Class  II  antibodies.  Anti-I-Ak 
but  not  anti-Ek,  inhibits  the  stimulation  of  hybridoma  89.2.  Both  reagents 
inhibit  the  stimulation  of  hybridoma  33.11,  this  is  of  interest  since  it 
suggests  that  the  determinant  responsible  for  stimulating  this  hybridoma 
may  indeed  be  formed  by  the  trans-isotypic  association  of  Ek  with  Ak  . 

The  hybridomas  were  adapted  to  grow  in  serum-free  medium  and  were 
subsequently  tested  for  their  ability  to  respond  to  stimulation  by 
syngeneic  cells  in  the  absence  of  serum  (Table  3).  Under  these  conditions 
the  hybridomas  did  not  respond  and  the  addition  of  FCS,  but  not  BSA,  normal 
mouse  serum  or  Sendai  virus,  restored  the  response.  It  was  decided  to 
investigate  which  component  of  FCS  is  responsible  for  stimulating  the 
hybridomas. 

Table  2.  Mapping  of  the  MHC  determinant  recognised  by  hybridomas 

MHC  Hybridoma 

Stimulators  K  I-A  I-E  D  89.2  33.11 


A.TL  s  k  k  d  +  + 

B10.AQR  q  k  k  d  +  + 

B10.A(4R)  k  k  b*  b  + 

B10.A(5R)  b  b  k  d 

•  E^  is  only  found  cytoplasmically  since  E^  is  non-functional. 
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Table  3.  Lack  of  stimulation  of  hybridomas  under  serum-free  conditions 


Hybridoma 


Stimulators 

Medium 

Medium 

BW 

89.2 

33.11 

Peritoneal  cells 

serum- free 

38 

60 

112 

166 

complete 

88 

120 

22359 

6393 

Spleen  cells 

serum- free 

94 

59 

189 

265 

complete 

138 

324 

41259 

9193 

Several  batches  of  FCS  were  tested  for  their  ability  to  support  the 
stimulation  of  the  hybridomas  and  the  batch  which  showed  maximum  activity 
was  used  in  subsequent  experiments.  Upon  heat-inactivation  of  this  batch 
of  FCS  its  ability  to  stimulate  the  hybridomas  increased.  Indeed  the  FCS 
retained  its  stimulating  activity  after  heating  at  100°C  for  15  min. 

Since  the  major  protein  component  of  FCS,  BSA  (fraction  V),  did  not 
stimulate  the  hybridomas  to  produce  IL-2,  attempts  were  made  to  fractionate 
the  stimulating  activity.  Fractionation  of  FCS  was  carried  out  by  HPLC  on 
a  TSK  G4000SW  gel  filtration  column,  the  fractions  were  subsequently  tested 
for  their  ability  to  support  the  stimulation  of  the  hybridomas  and  the 
stimulating  activity  accompanied  the  major  protein  peaks. 

Separation  of  the  FCS  by  HPLC  on  a  TSK  DEAE-5PW  ion  exchange  column 
with  elution  by  a  sodium  chloride  gradient  buffered  with  8mM  sodium 
phosphate,  pH7.2,  provided  a  more  useful  purification  step.  5t  of  the 
stimulating  activity  accompanied  the  main  protein  peak  eluted  by  0.12M 
NaCl,  while  at  least  50J  of  the  activity  wa3  eluted  from  the  column  by  0.3M 
NaCl.  This  suggests  that  the  material  is  highly  acidic  or  is  bound 
strongly  by  hydrophobic  interactions.  Attempts  to  recover  activity  after 
fractionation  on  a  hydrophobic  column  have  been  unsuccessful.  The  activity 
of  the  material  eluted  by  0.3M  NaCl  from  the  ion  exchange  column  is 
trypsin-sensitive.  The  material  is  labile  at  4°C  and  is  unstable  to 
freezing  and  thawing  and  this  has  hampered  its  further  purification. 

There  are  a  number  of  possible  explanations  for  the  FCS  requirement 
for  stimulation  of  the  hybridomas:  the  FCS  component  maybe  (i)  the  antigen 
which  is  recognised  by  the  hybridomas  in  an  MHC-restrlcted  fashion,  or  it 
may  (ii)  induce  the  expression  of  an  auto-antigen  on  the  stimulator  cells, 
or  alternatively  it  may  be  (iii)  essential  for  the  secretion  of  11-2  by  the 
hybridomas.  Possiblity  (iii)  can  be  excluded  since  the  hybridomas  respond 
by  IL-2  secretion  to  stimulation  by  Con  A  under  serum-free  conditions. 

The  mode  of  action  of  the  FCS  component  has  been  investigated  by 
FCS-pulsing  either  the  stimulators  or  the  hybridomas  prior  to  culture 
(Table  4).  The  component  acts  on  the  stimulator  cells  and  not  on  the 

hybridomas.  Incubation  of  FCS  with  the  stimulators  for  at  least  2h  at  37 °C 
is  necessary  for  the  subsequent  stimulation  of  the  hybridomas.  Moreover, 
FCS  i3  required  at  the  initiation  of  the  cultures,  since  its  late  addition 
does  not  lead  to  the  stimulation  of  significant  IL-2  production  by  the 
hybridomas. 


DISCUSSION 

The  data  reported  above  suggests  that  the  T  cell  hybridomas  generated 
during  attempts  to  produce  Sendai  virus-specific  hybridomas  do  not 
recognise  a  self-antigen  alone,  but  rather  that  they  recognise  a  component 
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Table  4.  Exposure  of  spleen  cells  or  hybridomas  to  FCS  prior  to  culture 


Hybridoma 


Medium 

BW 

89.2 

33.11 

Treatment  of  spleen  cells 

None 

1591 

1980 

1970 

2239 

FCS  10' 

1916 

2166 

2455 

1831 

FCS  30* 

1709 

2351 

2531 

1828 

FCS  150* 

1836 

2561 

4319 

1981 

FCS  240' 

1770 

2388 

7658 

2360 

FCS  Overnight 

2269 

3235 

35305 

13542 

Treatment  of  hybridoma  cells 

None 

1626 

2232 

1948 

2029 

FCS  10' 

1998 

2227 

2933 

1776 

FCS  30' 

1839 

22 78 

2650 

1966 

FCS  150’ 

1625 

2302 

2617 

2092 

FCS  240’ 

1768 

2326 

2621 

1834 

FCS  in  culture  on  day  0 

1804 

2741 

17271 

6149 

FCS  in  culture  on  day  1 

1636 

1773 

2717 

2037 

of  FCS  with  MHC-restr lotion. 

However ,  the 

possibility 

that  the 

FCS 

induces  or  enhances  the  expression  of  an  auto-antigen  which  subsequently 
stimulates  the  hybridomas  has  not  been  formally  excluded. 

Attempts  to  purify  the  component  of  FCS  responsible  for  stimulating 
the  hybridomas  have  been  hampered  by  its  instability,  both  during  storage 
at  4°C  and  to  freezing  and  thawing.  Inclusion  of  carrier-BSA  in  samples 
has  not  alleviated  this  problem.  The  component  is  trypsin-sensitive  and 
sticks  to  other  major  protein  constituents  of  serum.  However,  it  binds  to 
DEAE-ion  exchange  resin  and  can  be  dissociated  from  it  by  0.3M  NaLl, 
suggesting  that  it  is  acidic  or  is  bound  by  hydrophobic  interactions. 

The  mode  of  action  of  the  FCS  component  was  investigated.  It  was 
shown  that  the  component  is  not  required  for  IL-2  secretion  by  the 
hybridomas,  since  they  produce  IL-2  in  response  to  Con  A  in  serum- free 
medium.  Pulsing  experiments  demonstrated  that  the  component  acted  on  the 
stimulators  and  not  on  the  hybridomas.  Incubation  of  the  stimulators  for 
at  least  2h  at  37 °C  with  FCS  was  necessary  for  their  subsequent  ability  to 
stimulate  the  hybr.domas  in  serum-free  medium.  Addition  of  FCS  to  the 
cultures  along  with  the  hybridomas  did  not  stimulate  IL-2  production, 
showing  that  the  FCS  is  required  at  the  initiation  of  culture.  It  is 
possible  that  when  cultured  in  serum-free  medium  the  stimulator  cells  loose 
their  ability  to  process  or  present  the  FCS  component  as  antigen. 

The  Peyer's  patch  T-cell  hybridomas  reported  here  were  initially 
thought  to  be  "auto-reactive”  but  have  subsequently  been  demonstrated  to  be 
responding  to  a  component  of  FCS  in  a  self-restricted  fashion.  It  is 
important  to  elucidate  whether  putative  auto-reactive  T-cells  reported  by 
others  are  truly  self-reactive  or  whether  they  too  respond  to  nominal 
antigens  they  are  exposed  to  in  vitro.  Even  if  the  possibility  of  the 
T-cells  responding  to  a  component  of  xenogeneic  or  allogeneic  serum  can  be 
excluded,  it  is  still  feasible  that  the  T  cells  may  be  responding  to 
antigens  encountered  during  preparation  (Huber  et  al.,  1982)  or  other 
medium  components  such  as  antibiotics. 
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INTRODUCTION 

In  this  paper  is  presented  an  abbreviated  historical  review  of  pre¬ 
vious  spaceflight  studies  which  relate  to  an  understanding  of  the  infec¬ 
tious  disease  process  in  flight.  The  offensive  components,  that  is  the 
causative  agents,  have  been  extensively  studied.  Intercrew  transfer  of 
microorganisms,  "simplification"  of  the  autoflora,  and  contamination  of 
the  cabin's  internal  environment  are  well  understood.  Considerably  less 
well  understood  is  the  defensive  component  of  the  infectious  process. 

For  a  variety  of  reasons,  the  study  of  inflight  human  immune  dysfunction 
has  been  uncoordinated,  fragmented,  and  sometimes  contradictory.  How¬ 
ever,  we  have  been  able  to  assemble  enough  data  to:  (1)  demonstrate  that 
the  human  immune  system  is  altered  during  spaceflight  and  (2)  develop  a 
plan  whereby  the  nature,  degree,  and  significance  of  immune  dysfunction 
can  be  studied  in  a  manner  which  could  allow  the  mechanism(s)  of  action 
to  be  elucidated.  This  paper,  which  presents  the  historical  background 
and  the  NASA  objectives  for  future  tests,  does  not  discuss  the  possible 
mechanisms  involved.  This  latter  subject  is  presented  by  the  paper 
entitled  "Human  Mononuclear  Cell  In  Vitro  Activation  in  Microgravity  and 
Post-space  Flight,"  by  Richard  Meehan,  also  presented  at  this  Confer¬ 
ence.  The  two  papers  are  intended  as  companions,  both  of  which  are 
required  to  complete  the  spaceflight  human  immune  dysfunction  story. 


SPACEFLIGHT  MICROBIOLOGY  STUDIES 

Survival  of  Microorganisms  in  the  Spaceflight  Environment 

Investigations  of  microbiological  specimens  in  space  were  initiated 
in  1935  with  the  stratospheric  flight  of  the  American  high  altitude  bal¬ 
loon,  Explorer  2  (Stevens,  1936),  during  which  seven  species  of  fungi 
survived  exposure  at  25  km  for  4  hr.  In  the  six  years  from  1954  to  1960, 
various  species  of  Neurospora  were  carried  on  no  less  than  30  balloon  and 
sounding  rocket  flights  at  altitudes  of  up  to  150  km  (Belscher  and 
Fregly,  1962).  These  pre-spaceflight  tests  were  important  in  that  they 
established  the  fact  that  certain  species  could  survive  high  altitude 
flight  and  therefore  must  be  taken  seriously  in  the  impending  development 
of  space  travel  technology  (Jenkins,  1968;  Parfenov  and  Lukin,  1973). 
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Studies  in  Earth-orbital  flight  were  initiated  with  the  launch  of 
the  Russian  craft.  Sputnik  2,  in  1958  (Antipov  et  al.,  1962).  In  the 
first  decade  of  orbital  flight,  Russian  scientists  evaluated  56  different 
species  and  preparations  of  biological  materials  including  viruses,  bac¬ 
teria,  yeasts,  fungi,  plants,  animals,  and  tissue  cultures,  whereas  the 
United  States  evaluated  35  different  species  and  cellular  preparations 
(Jenkins,  1968).  Early  studies  conducted  by  Russian  investigators  in¬ 
cluded  an  evaluation  of  microbial  growth  on  Sputnik  5  and  other  nonrecov- 
ered  satellites  with  the  aid  of  an  automated  device  known  as  "Bioele- 
ments."  This  device  was  designed  to  measure  the  rate  of  gas  production 
in  actively  growing  Clostridium  butyricum  cultures,  and  to  relay  these 
data  to  Earth.  Major  growth  rate  differences  were  not  obtained  between 
flight  samples  and  the  ground  control  group  (Zhukov-Verezhnikov ,  1962). 
Clostridium  sporogenes ,  flown  aboard  the  American  Discoverer  17  satel¬ 
lite,  remained  viable,  although  there  was  some  degree  of  labilization 
which  could  be  correlated  with  the  measured  Irradiation  from  an  intense 
solar  flare  that  occurred  during  the  flight  (Bulban,  1961).  No  changes 
in  the  number  of  viable  phage  particles,  plaque  morphology,  or  reproduc¬ 
tion  rate  were  detected  with  Aerobacter  aerogenes  1321  bacteriophage  and 
T-2  coliphage,  also  carried  aboard  the  24-hour  flight  of  the  Sputnik  5 
satellite  (Zhukov-Verezhnikov,  1962).  Actinomycetes  (Strept jsnyces  spp.) 
were  tested  on  Sputnik  5,  with  the  growth  of  returned  inflight  colonies 
being  accelerated  sixfold  when  compared  with  analogous  laboratory  con¬ 
trols  (Antipov  et  al.,  1962).  No  changes  in  postflight  growth  were  de¬ 
tected  with  A^  aerogenes  1321 ,  Escherichia  coli  B,  Staphylococcus  aureus 
0.15,  and  C.  butyricum  spores  either  for  the  108  minute  flight  of  Vostok 
1  or  the  1518  minute  flight  of  Vostok  2  (Zhukov-Verezhnikov,  1962). 

Microbial  Genetic  Stability  In  Flight 

The  E_;_  coli  K-12  (lambda)  phage  and  host  system  was  carried  aboard 
most  of  the  flights  of  the  Sputnik  series,  all  six  of  the  manned  flights 
of  the  Vostok  series,  Voskhod  1  and  2,  the  unmanned  biosatellite  Cosmos 
110,  and  the  lunar  flights  Zond  5  and  7  (Zhukov-Verezhnikov,  1965).  This 
system  was  used  as  a  radiation  dosimeter  because  increases  in  phage  pro¬ 
duction  could  be  stimulated  by  as  little  as  0.3  rad  of  gamma  radiation  as 
well  as  by  comparatively  small  doses  of  protons  and  rapid  neutrons.  Be¬ 
cause  the  method  of  phage  induction  consists  of  injury  to  the  genetic 
apparatus,  the  lysogenic  bacteria  system  could  also  provide  information 
about  the  potential  mutagenic  activity  of  cosmic  radiation.  The  Sputnik 
flights  demonstrated  that  the  test  system  could  remain  intact  and  viable 
during  space  flight.  Although  the  results  from  the  first  two  Vostok 
flights,  which  were  2  and  25  hours  long  respectively,  demonstrated  no 
detectable  effect  on  the  elementary  and  poorly  compensated  genetic  pro¬ 
cess,  as  reflected  in  the  production  of  phage  by  lysogenic  bacteria. 
However,  later  studies  conducted  throughout  the  remainder  of  the  Vostok 
series  demonstrated  that  the  number  of  resulting  phage  in  the  spaceflight 
samples  exceeded  that  in  the  ground  controls.  This  was  interpreted  as 
indicative  that  spaceflight  factors  had  an  inducing  effect  on  the  lyso¬ 
genic  bacteria  (Zhukov-V  rezhnikov,  1963).  Further,  it  was  reported  that 
the  spaceflight  effect,  measured  in  terms  of  increased  phage  production, 
as  compared  with  the  magnitude  of  spontaneous  phage  production  in  the 
ground  controls,  increased  with  mission  duration  throughout  the  Vostok 
series  (Parfenov  and  Lukin,  1973).  This  effect  was  not  considered  to  be 
entirely  due  to  the  galactic  radiation  received  because  there  was  not  a 
linear  relationship  between  excessive  phage  production  and  length  of  time 
in  orbit,  and  the  resultant  effect  was  much  greater  than  would  be  expec¬ 
ted  from  measurements  of  incoming  radiation  (Zhukov-Verezhnikov,  1965). 
Laboratory  studies  conducted  in  conjunction  with  the  Vostok  l  through  4 
missions  demonstrated  that  simulated  launch  vibration  followed  by  expo¬ 
sure  to  cobalt  gamma-radiation  resulted  in  an  increase  in  mutation  rate, 
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as  measured  by  phage  production,  which  was  somewhat  higher  than  that  ob¬ 
tained  by  the  same  level  of  gamma-radiation  alone.  Simulated  launch  vi¬ 
bration  alone,  or  following  radiation  had  no  effect  on  the  measured  para¬ 
meter.  These  results  engendered  the  speculation  that  the  launch  vibra¬ 
tions  produced  by  the  Vostok  rocket  increased  the  sensitivity  of  the 
lysogenic  bacteria  to  subsequent  galactic  radiation,  thus  accounting  for 
the  excessive  phage  production  (Zhukov-Verezhnikov,  1965). 

Tests  were  conducted  on  Voskhod  1  and  2  to  determine  the  effective¬ 
ness  of  the  radiation  protecting  substances,  Beta-mercaptopropylamine 
and  5-methoxytryptamine,  while  at  the  same  time  evaluating  the  contribu¬ 
tion  space  radiation  actually  plays  in  genetic  disturbances  in  the  E ■ 
coli  K-12  (lambda)  bacteriophage  system  (Antipov  et  al.,  1967).  Although 
phage  production  was  reduced  as  expected,  there  also  was  a  reduction  in 
the  incidence  of  spontaneous  phage  production.  This  indicated  that  some 
mechanism  in  addition  to,  or  in  place  of,  radiation  protection  was  influ¬ 
encing  the  test.  The  investigators  concluded  that  the  radiation  protec¬ 
tors  were  effective  in  space  but  they  were  unable  to  separately  evaluate 
the  effect  of  galactic  radiation  on  the  microbial  genetic  apparatus. 

Salmonella  typhimurlum,  and  coli  bacteriophage  induction  systems 
were  tested  as  part  of  the  45-hour  Earth-orbital  flight  of  the  American 
Biosatellite  XI  (Mattoni,  1968).  During  the  flight,  different  aliquots 
of  cells  were  exposed  to  a  total  dose  of  from  265  to  1648  rad  of  stron¬ 
tium  gamma-radiation  with  the  resulting  radiation  response  curves  being 
compared  with  appropriate  ground  control  curves.  The  space-flown  S ■ 
typhimurlum  cells  were  more  resistant  to  gamma-radiation,  as  indicated  by 
a  decrease  in  phage  production  (Mattoni  et  al.,  1971).  Efforts  to  repro¬ 
duce  these  results  with  acceleration,  vibration,  and  clinostat  tests  were 
unsuccessful.  This  decrease  in  phage  induction  supports  the  results  re¬ 
ported  for  the  E.  coli  system  flown  on  Cosmos  110  but  is  counter  to  the 
results  reported  for  all  of  the  other  Russian  coliphage  studies.  This 
apparent  contradiction  is  not  surprising  in  view  of  the  greatly  different 
test  conditions  involved.  The  fact  remains  that  the  total  spaceflight 
environment  has  been  shown  to  exert  an  influence  on  the  bacteriophage  in¬ 
duction  system,  and  that  the  degree  of  the  effect  is  dependent  upon  the 
combination  of  environmental  factors  which  have  yet  to  be  studied  in 
detail . 

American  genetic  studies  designed  to  measure  the  effect  of  ionizing 
radiation,  in  combination  with  reduced  gravity,  on  Neurospora  crassa  con- 
idia  were  initiated  on  Gemini  XI  (phosphorus-Beta  exposure)  and  Biosatel¬ 
lite  II  (strontium-gamma  exposure).  Flight  cells  suspended  in  agar  and 
exposed  to  radiation  demonstrated  higher  levels  of  survival  and  lower 
frequencies  of  mutation  Induction,  as  compared  to  ground  controls,  indi¬ 
cating  that  the  space  flight  affected  a  protective  influence  (de  Serres, 
1969).  On  the  basis  of  these  experiments,  and  reports  of  alterations 
among  space-flown  plant  and  animal  systems,  de  Serres  concluded  that  pos¬ 
itive  effects  are  due  to  the  temporary  influence  of  weightlessness  on 
fundamental  metabolic  processes,  with  induction  and  recovery  phenomena 
being  more  drastically  altered  in  rapidly  metabolizing  systems  than  in 
relatively  inert  systems  such  as  resting  spores. 

Microbial  Alteration  In  Flight 

During  the  Apollo  16  flight  to  the  Moon,  ten  microbial  strains  were 
placed  outside  the  command  module  so  that  they  could  be  exposed  to  solar 
ultraviolet  and  space  vacuum  (Taylor  et  al.,  1974).  The  use  of  various 
combinations  of  optical  filters  to  provide  exposure  to  varying  amounts  of 
solar  irradiation  at  peak  wavelengths  of  254,  280,  and  300  nm,  allowed 
for  a  different  dose-response  curve  at  each  of  these  three  wavelengths 
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(Chassay  and  Taylor,  1973).  T-7  bacteriophage  preparations  of  E.  coll 

which  were  exposed  to  inflight  irradiation,  were  found  to  be  more  sensi¬ 
tive  to  UV  light  than  were  irradiated  ground-based  controls  (Spizlzen, 
1971).  There  was  no  significant  difference  between  the  mean  of  inflight 
survivors  and  any  of  the  appropriate  ground-based  controls  for  spores  of 
three  strains  or  Bacillus  subtills  and  one  strain  of  Bacillus  thuringien- 
sis .  B.  thuringiensis  was  also  evaluated  in  terms  of  the  production  rate 
of  a  lipolytic  Alpha-exotoxin,  a  deforming  Beta-exotoxin,  and  a  crystal¬ 
line  delta-endotoxin,  all  of  which  have  well  established  biological  be¬ 
havior.  Statistically  significant  differences  in  the  capability  of  the 
postflight  isolates  to  produce  toxins  were  not  found  among  the  treatment 
groups  (Wrenn  et  al.,  1973).  The  combined  action  of  space  vacuum  and 
solar  UV  irradiation  at  a  peak  wavelength  of  254  nm  resulted  in  greater 
loss  of  viability  of  B_^  Subtilis  strain  168  spores  than  was  observed  in 
irradiated  ground-based  controls.  This  was  interpreted  as  a  synergistic 
effect  in  which  the  spores  were  sensitized  to  solar  UV  by  the  space 
vacuum  (Bucker,  et  al.,  1973).  B.  Subtills  strains  HA  101  and  HA 
101(59)F  both  contain  multiple  genetic  markers  whereas  strain  HA  101(59)F 
is  also  defective  in  the  ability  to  repair  radiation  damage  and  is  there¬ 
fore  highly  susceptible  to  the  damaging  effects  of  ultraviolet  irradia¬ 
tion.  Survival  rates  for  these  space-flown  spores  did  not  differ  signif¬ 
icantly  from  analogous  ground  controls  (Spizizen  and  Isherwood,  1973). 
Aeromonas  proteolytlca  cells,  used  as  a  model  system  to  evaluate  the 
effect  of  space  flight  and  solar  UV  on  the  production  of  an  endopeptidase 
which  can  cause  intracutaneous  hemorrhage  and  a  hemolysin  which  is  active 
against  human  erythrocytes,  demonstrated  no  difference  between  survival 
rates,  enzyme  production,  or  UV  sensitivity  of  space-flown  cells  when 
compared  with  appropriate  ground-based  controls  (Foster,  1973).  There 
were  no  significant  differences  between  postflight  survival  rates  of  non- 
irradiated  cells  when  compared  with  appropriate  ground-based  controls  of 
the  yeasts  Rhodotorula  rubra  and  Saccharomyces  cerevislae  and  the  fila¬ 
mentous  fungi  Trichophyton  terrestre  and  Chaetomium  globosum,  (Volz, 
1973).  .  "  . . 

Crew  Medical  Microbiology  Studies 

Detailed  medical  microbiological  evaluations  of  American  astronauts 
were  initiated  with  the  Apollo  series  of  space  flights.  Illness  events 
of  microbial  origin  were  not  uncommon  in  the  first  three  missions  with 
crewmembers  experiencing  upper  respiratory  problems,  Influenza,  viral 
gastroenteritis,  rhinitis,  pharyngitis,  or  mild  dermatologic  problems 
(Wooley,  1972).  Following  each  of  the  Apollo  7  through  Apollo  11  mis¬ 
sions,  the  number  of  crewmembers  from  whom  a  particular  pathogen  could  be 
recovered  was  generally  higher  than  before  launch,  indicating  transfer  of 
pathogenic  species  between  individuals  during  space  flight.  Also,  post¬ 
flight  increases  In  the  number  of  body  sites  from  which  these  species 
were  isolated  were  observed,  with  S.  aureus  and  the  Beta-hemolytic  strep¬ 
tococci  most  consistently  displaying  postflight  increases  (Berry,  1970). 
Similar  increases  in  staphylococci,  accompanied  by  Increases  in  antibi¬ 
otic  resistance,  have  been  reported  to  occur  following  Russian  flights 
(Zaloguyev,  1970). 

Several  authors  have  warned,  as  summarized  by  Shilov  (1970),  that 
returning  space  travelers  may  experience  a  microbial  shock  and  may  re¬ 
spond  negatively  to  renewed  contact  with  potentially  pathogenic  micro¬ 
organisms  which  are  absent  in  the  spaceflight  environment.  This  warning 
is  based  on  the  assumption  that  contact  with  potential  pathogens  during 
space  flight  would  be  very  limited,  resulting  in  a  reduction  of  immuno- 
competence.  However,  data  from  actual  space  flights  show  that  there  is 
usually  an  increase  in  the  distribution  of  pathogens  (Taylor,  1974). 
Therefore,  any  reduction  in  immunocompetence  is  not  likely  to  be  in 


262 


response  to  decreased  contact  with  pathogenic  components  of  the  auto¬ 
flora.  Extensive  quarantine  preventive  measures,  initiated  with  the 
Apollo  14  mission,  were  designed  to  allow  the  autoflora  to  equilibrate  at 
a  level  consistent  with  confinement  and  to  allow  contracted  infectious 
agents  to  demonstrate  themselves  before  flight  (Wooley,  1972).  It  is 
likely  that  this  contributed  to  the  complete  lack  of  microbial  problems 
during,  or  immediately  following,  subsequent  Apollo  flights  (Taylor, 
1974). 


An  inflight  malfunction  of  the  Apollo  13  Service  Module  provided  an 
opportunity  to  evaluate  the  effect  of  a  crippled  life  support  system  on 
the  Infectious  disease  process.  Following  several  days  in  a  cold,  damp, 
habitat  in  an  extremely  stressful  situation,  one  of  the  astronauts  devel¬ 
oped  a  severe  urinary  tract  infection  from  which  Pseudomonas  aeruginosa 
was  eventually  Isolated  in  high  numbers.  This  situation  required  in¬ 
flight  antibiotic  therapy,  which  was  ineffective  until  the  crewmember 
could  be  returned  to  Earth  where  bacterial  isolation  and  antibiotic  sen¬ 
sitivity  tests  could  be  performed  (Taylor,  1974).  Several  investigators, 
as  summarized  by  Zaloguyev  et  al.  (1971),  have  demonstrated  a  reduction 
in  body  resistance  and  increases  in  microbial  toxigenic  activity,  viru¬ 
lence,  or  pathogenicity  following  stressful  confinement  of  the  human  host 
in  space-simulation  studies.  Combined  evaluation  of  these  reports  proved 
the  requirement  for  an  inflight  clinical  sample  analysis  capability  to  be 
included  on  spaceflight  missions.  This  is  especially  important  for  long- 
duration  or  deep  space  missions  in  which  it  would  be  either  inconvenient 
or  impossible  for  crewmembers  to  quickly  return  to  Earth  for  diagnosis 
and  treatment . 

In  addition  to  the  more  obvious  exogeneous  diseases  which  may 
afflict  crewmembers,  the  importance  of  endogenous  infections  has  been 
identified  by  several  authors  and  is  reviewed  by  Chukhlovin  et  al . 

(1971).  Concern  for  infections  involving  endogenous  microorganisms  is 
based  upon  the  recognition  that  the  unusual  environment  offered  by  the 
space  ship  may  so  influence  the  indigenous  microflora  that  previously  in¬ 
nocuous  microorganisms  may  become  noxious.  An  example  of  this  potential 
problem  may  be  found  with  the  potentially  pathogenic  yeast  Candida  albi¬ 
cans  which  was  recovered  from  the  oral  cavity  of  a  large  number  of  astro¬ 
nauts  throughout  the  Apollo  series  (Taylor,  1972).  Although  it  is  not 
uncommon  to  find  this  species  in  the  mouth  of  healthy  adults,  its  subse¬ 
quent  behavior  during  space  flight  is  of  medical  importance.  Russian 
investigators  have  reported  a  30-fold  increase  in  incidence  of  C. 
albicans  in  the  pharnyx  of  subjects  who  had  been  confined  to  a  closed 
test  chamber  for  one  month.  These  investigators  concluded  that  the  con¬ 
finement  normalized  the  bacterial  flora,  resulting  in  reduced  microbial 
competition,  with  subsequent  overgrowth  of  this  potentially  pathogenic 
yeast  (Zaloguyev  et  al.,  1971).  Such  a  normalization  of  hacterial 
species  has  not  been  demonstrated  in  samples  collected  from  Apollo  crew¬ 
members,  although  C.  albicans  is  often  the  only  fungal  species  recover¬ 
able  from  Apollo  crewmember  samples  collected  immediately  after  termina¬ 
tion  of  a  mission  (Taylor  et  al.,  1973).  It  has  been  observed  that  this 
resistance  of  albicans  populations  to  space  flight  could  become  quite 
important  if  long-term  inflight  antibiotic  therapy  was  required,  provid¬ 
ing  the  opportunity  for  a  loss  of  competing  species  and  eventual  over¬ 
growth  of  this  organism  (Ginsberg,  1971).  The  above  observations  tend  to 
support  the  view,  proposed  by  several  authors,  and  reviewed  by  Fox 
(1971),  that  microflora  changes  may  occur  in  the  spacecraft  environment 
and  that  these  changes  may  not  be  compatible  with  man's  health  and  wel¬ 
fare  on  extended  duration  missions. 

Postflight  increases  have  been  reported  in  the  oral  autoflora  of 
Russian  cosmonauts  accompanied  by  dysbacteriosis  in  which  the  normal 
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throat  flora  are  almost  entirely  crowded  out  by  Gram-negative,  non-hemo- 
lytic  diplococci.  Extensive  microbial  evaluations,  performed  on  the  crew 
following  the  18-day  Soyuz  9  space  flight,  revealed  a  large  quantity  of 
Gram-positive,  nonsporogenous  bacteria  on  the  skin  and  nasal  passages 
which  was  not  there  preflight  (Zaloguyev  et  al.,  1970).  It  was  also  re¬ 
ported  that  this  dysbacteriotlc  change  in  the  skin  and  nasal  automicro¬ 
flora  was  accompanied  by  variations  of  some  unnamed  characteristics  of 
natural  immunity. 

Detailed  studies  were  continued  with  the  joint  US/USSR  Apollo-Soyuz 
Test  Project  flight  in  which  3  American  astronauts  and  2  Russian  cosmo¬ 
nauts  shared  a  small  orbiting  living  volume.  Although  various  potential 
pathogens  were  recovered  from  each  of  the  5  crewmembers  before  and  after 
flight,  no  inflight  disease  events  were  reported.  Interpersonnel  trans¬ 
fer  of  pathogens  were  demonstrated  within  crews  but  not  between  crews. 
Significantly,  inflight  simplif lcaton  of,  and  dysbacteriotlc  changes  in, 
the  population  of  medically  important  microorganisms  did  not  occur 
(Taylor  and  Zaloguyev,  1977). 

The  long-duration  (30,  60,  and  89  days)  U.S.  Skylab  stays  provided 
an  opportunity  to  better  evaluate  the  medical  implications  of  previously- 
noted  microbial  alterations.  Gross  microbial  contamination  of  the  Skylab 
environment,  intercrew  transfer  of  pathogens,  and  numerous  inflight  dis¬ 
ease  events,  presumably  of  microbial  origin,  were  demonstrated.  Evalua¬ 
tion  of  major  microbial  population  groups  tended  to  support  the  theory  of 
microbial  simplification  for  anaerobic  bacteria,  but  not  for  other 
microbes  (Taylor,  et  al.,  1977). 


SUMMARY  HISTORY  OF  IMMUNOLOGY  STUDIES 

Although  cellular  immune  responses  of  American  astronauts  and  Soviet 
cosmonauts  have  been  studied  by  various  methods  for  two  decades,  there 
remains  a  paucity  of  reliable  information  upon  which  to  draw  conclu¬ 
sions.  Analyses  after  the  11  flights  of  the  American  Apollo  Program 
failed  to  show  consistent  postflight  alterations  in  RNA  or  DNA  sythesis 
in  response  to  Phytohemagglutinin  (PHA)  exposure,  although  a  postflight 
lymphocytosis  was  reported  for  a  majority  of  the  33  crewmembers  (Kimzey, 
et  al.,  1975).  The  technique  used  for  lymphocyte  isolation  during  the 
Apollo  series  has  been  shown  to  selectively  remove  "B"  lymphocytes  and  a 
subset  of  "T”  lymphocytes  prior  to  culture  (Miller,  1977)  and  may  have 
contributed  to  the  inability  of  the  researchers  to  demonstrate  altera¬ 
tions.  Similarly,  following  the  three  American  Skylab  visits,  the  post¬ 
flight  functional  capacity  of  crew  lymphocytes,  measured  in  terms  of  DNA 
synthesis  in  response  to  PHA,  was  unchanged.  However,  postflight  RNA 
synthesis  was  reported  to  have  been  depressed  concomitant  with  an  in¬ 
crease  in  leukocyte  absolute  count  (Kimzey,  1977).  Among  the  total  of  9 
astronauts  in  Skylab,  the  mean  scores  for  gingival  inflammation  and  dent¬ 
al  calculus  approximately  doubled  over  preflight  values  during  their  30 
to  59  days  in  space  although  in  no  case  was  there  a  noted  dental  or  oral 
disability.  It  is  noteworthy  that  these  responses  occurred  during  a  time 
when  careful  oral  hygiene  was  maintained  by  the  affected  astronauts 
(Brown,  et  al . ,  1977),  Following  the  joint  US-USSR  Apollo-Soyuz  Test 
Project  (ASTP)  flight,  variable  lymphocyte  responses  to  a  variety  of 
mitogens,  as  well  as  absolute  leukocytoses,  were  reported  (Criswell  and 
Cobb,  1977).  However,  because  the  astronauts  were  exposed  to  toxic 
levels  of  nitrogen  tetroxide  upon  landing,  it  was  not  possible  to  attach 
any  spaceflight-related  importance  to  the  resulting  data. 

Alterations  in  the  In  vitro  response  of  cosmonaut  lymphocytes  were 
reported  following  the  flights  of  Soyuz  6,  7,  8,  and  9  (Kanstantinova  et 


al.,  1973).  Trltlated  uridine  uptake  was  estimated  by  photographic  film 
exposure  with  variable  results.  These  analyses  gave  an  early  indication 
that  lymphocyte  activity  may  be  depressed  following  space  flight.  Com¬ 
parative  numerical  measurements  of  preflight  and  postflight  peripheral 
lymphocytes  and  leukocytes  were  taken  for  the  above  missions,  for  the 
Soyuz  11  visit  to  the  Salyut  1  Space  Station,  and  for  the  two  Soyuz 
visits  to  the  Salyut  4  Space  Station.  Although  results  were  variable, 
they  imply  a  post flight  leukocytosis  concurrent  with  a  post flight  lympho¬ 
cytopenia  (Konstantinova  et  al.,  1978).  In  addition,  "diminished  post¬ 
flight  reactivity  of  T  lymphocytes"  was  reported  after  both  the  30-day 
and  the  63-day  visits  to  Salyut  4  (Konstantinova  et  al.,  1978).  Follow¬ 
ing  the  flights  of  Soyuz  24,  Salyut  5,  Soyuz  26,  and  Soyuz  27,  and  the 
96-day  Soyuz  28/Salyut  6  mission,  there  was  an  increase  of  both  the  spon¬ 
taneous  lymphocyte  activity  and  the  maximum  PRA-induced  blastogenic  re¬ 
sponse.  However,  a  decrease  in  T  lymphocyte  number  and  blast  transforma¬ 
tion  was  again  reported  following  the  140-day  mission  to  Salyut  6 
(Lesnyak  and  Tashpulatov,  1981). 

Up  to  the  beginning  of  the  Shuttle  Era,  there  was  sufficient  reason 
to  speculate  that  in  vitro  stimulability  of  lymphocytes  was  altered  by 
space  flight.  However,  previous  methods,  which  included  single  incuba¬ 
tion  times  and  an  inadequate  range  of  mitogen  concentrations,  rendered 
detailed  appraisal  Impossible.  For  this  reason  a  highly  sensitive  modif¬ 
ication  of  the  Apollo  and  Skylab  methodology  was  used  for  the  first  time 
with  the  Space  Shuttle  crewmember  lymphocyte  samples.  This  method  allow¬ 
ed  for  a  direct  correlation  of  trltlated  thymidine  uptake  to  both 
incubation  time  and  to  mitogen  concentration  (Taylor  and  Dardano,  1983), 
and  accurate  estimations  of  the  maximum  PHA  response  under  optimal  condi¬ 
tions.  As  a  result,  it  was  demonstrated  that  the  in  vitro  blastogenic 
responsiveness  of  crew  peripheral  blood  lymphocytes  were  significantly 
reduced  following  each  of  the  first  four  U.S.  Shuttle  flights  (Taylor, 
1983). 

Additional  data  collected  before  and  after  1 1  of  the  first  12  U.S. 
Space  Shuttle  flights  show  that  absolute  lymphocyte  numbers,  lymphocyte 
blastogenic  capability,  and  eosinophils  present  in  the  peripheral  blood 
of  crewmembers  are  generally  reduced  postflight  (Taylor  et  al.,  1985). 

As  these  responses  also  resemble  those  associated  with  physical  and  emo¬ 
tional  stress,  it  is  unknown  if  they  were  directly  related  to  space 
flight  per  se.  Data  from  Space  Shuttle  flights  41B  and  41D,  involving  11 
crewmembers,  indicate  a  postf light  decrease  in  circulating  monocytes  and 
lymphocytes  identified  as  ”B"  cells,  using  monoclonal  antibodies  against 
cell  surface  phenotype  antigens.  Furthermore,  the  reduced  ”T”  lymphocyte 
blastogenesis  was  shown  to  correlate  with  the  decreased  monocyte  count 
(Correlation  coefficient  =*  0.697).  Since  monocytes  serve  a  critical  role 
during  lymphocyte  activation  as  potent  immunoregulator  cells  through  re¬ 
lease  of  cytokines,  these  findings  suggest  a  possible  mechanism  of  blun¬ 
ted  in  vitro  mitogen  induced  blastogenesis  (Taylor  et  al. ,  1985). 

Serum  complement  levels  have  been  measured  with  postflight  values 
changing  variously  when  compared  to  preflight  means.  C3  levels  were  sig¬ 
nificantly  higher  following  the  16,  18,  and  49-day  Salyut  flights,  where¬ 
as  C4  le.-els  were  generally  unchanged  postflight  (Cogoli  and  Tschopp, 
1985).  The  notable  exception  to  this  was  the  49-day  Salyut  5  flight  for 
which  significantly  higher  postflight  C4  values,  as  well  as  a  large  in¬ 
crease  in  serum  IgA,  IgG,  and  IgM  levels  were  reported  (Talas  et  al., 
1983). 


In  vitro  alpha  interferon  production  has  been  studied  with  lympho¬ 
cytes  taken  from  cosmonauts  before  and  after  space  flight  (Talas  et  al., 
1983).  UV-inactivated  Newcastle  Disease  virus  was  used  as  the  inducer. 
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In  two  samples,  the  production  of  interferon  was  significantly  lower 
after  flight,  but  in  the  other  two  it  remained  unaltered.  The  Induction 
of  interferon  production  correlated  fairly  well  with  the  natural  killer 
activity  of  lymphocytes.  The  same  authors  also  determined  the  synthesis 
of  interferon  by  lymphocytes  from  noncrewmember  donors  cultured  in  space 
in  the  presence  of  four  different  inducers.  In  microgravity,  production 
of  interferon  was  almost  five  times  higher  than  that  in  the  ground 
controls. 

In  contrast  to  these  results,  analysis  of  adult  rats  flown  aboard 
the  U.S.  Shuttle  Spacelab  3  showed  that  only  one  of  the  ten  rats  that  had 
flown  in  space  produced  marginal  levels  of  circulating  interferon,  and 
that  nine  of  the  ten  flown  rats  produced  no  interferon  (as  compared  to 
good  production  by  seven  of  the  ten  ground  control  animals).  These  re¬ 
sults  were  interpreted  by  the  investigators  to  Indicate  that  the  in  vivo 
production  of  gamma  interferon  was  severely  inhibited  in  rats  subjected 
to  space  flight  and  the  attendant  periods  of  weightlessness  (Gould  et 
al.,  1985). 

Cogoll  et  al.  (1984)  have  reported  interesting  results  with  various  cell 
cultures  exposed  to  hypergravity  and  hypogravity.  The  proliferation  of 
chicken  embryo  fibroblasts,  Hela  cells.  Sarcoma  Galliera  cells.  Friend 
leukemia  virus-transformed  cells,  and  mitogen-stimulated  lymphoblasts  was 
enhanced  by  up  to  30  %  under  hypergravity  conditions  and  depressed  in  a 
ground-based  rotating  clinostat  model  which  partially  simulated  hypograv¬ 
ity.  In  an  experiment  conducted  aboard  the  U.S.  Spacelab  1,  the  response 
of  inflight  cultured  lymphocytes  to  Concanavalin  A  was  reported  to  be 
only  3  %  of  that  obtained  with  simultaneous  ground  control  cultures.  More 
recently,  Cogoli  et  al .  (unpublished  report)  have  repeated  these  studies 
on  the  1985  German  Dl  Shuttle  payload.  In  this  experiment,  fresh-drawn 
human  lymphocytes,  as  well  as  cultures  of  lymphocytes  collected  before 
flight,  produced  inflight  growth  less  than  10  %  of  the  ground  controls. 

In  an  effort  to  sort  out  the  effect  of  the  ambient  microgravity,  cells 
were  also  cultured,  in  flight,  in  a  one-g  simulating  centrifuge  incuba¬ 
tor.  In  this  case  the  loss  of  growth  was  approximately  60  %  when  compar¬ 
ed  to  ground  controls. 


FUTURE  IMMUNOLOGY  INVESTIGATIONS  IN  SPACE 

The  Federation  of  American  Societies  of  Experimental  Biology  (FASEB) 
has  been  under  contract  to  the  NASA  to  provide  scientific  assessments  of 
topics  in  the  biomedical  sciences  and  to  make  recommendations  for  future 
inflight  studies,  if  appropriate.  In  1985  the  Federation  convened  an  ad 
hoc  working  group  to  review  previous  inflight  Immunological  studies. 

They  subsequently  reported  their  review  to  the  NASA  (Beisel  and  Talbot, 
1985).  This  independent  analysis  was  combined  with  NASA  goals  to  estab¬ 
lish  the  NASA  philosophy,  as  outlined  below,  for  near-term  spaceflight 
immunology  research  activities. 

The  NASA  considers  inflight  interpersonal  transfer  if  microorgan¬ 
isms,  the  efficacy  of  preflight  Isolation,  and  inflight  "simplification" 
of  autoflora  to  have  been  thoroughly  studied.  Whereas  these  factors 
materially  affect  planning  for  future  long-duration  spaceflight  missions, 
the  parameters  are  well  enough  understood  that  preventive  measures  can  be 
built  into  the  mission  planning  activity.  For  example,  microbial  contam¬ 
ination  of  air  and  onboard  potable  water  supplies  is  a  recognized  poten¬ 
tial  source  of  illness.  This  becomes  especially  important  in  extended 
space  stays,  such  as  would  be  required  for  Lunar  base  occupation  or  Mars 
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exploration,  where  recycling  of  waste  water  will  be  an  operational 
necessity. 

The  NASA  considers  it  significant  that,  whereas  no  consistent  alter¬ 
ations  in  humoral  Immune  function  have  been  reported,  neutrophilia,  rel¬ 
ative  lymphopenia,  and  impaired  blastogenic  responsiveness  of  “T"  lympho¬ 
cytes  have  been  demonstrated  repeatedly  in  postflight  blood  samples  from 
space  crews.  Ocher  important  space-related  alterations  of  human  immune 
function  include  postflight  eosinopenia,  monocytopenia,  reduced  percent¬ 
age  of  ”B"  lymphocytes  and  monocytes,  decreased  natural  killer  cell 
activity,  and  decreased  production  of  alpha-interferon  by  lymphocytes. 

Currently,  a  paucity  of  reliable  data  on  the  effects  of  space  flight 
on  immunocompetence  prevents  a  firm  scientific  conclusion  about  the 
potential  operational  and  clinical  significance  of  reported  changes. 
However,  the  FASEB  ad  hoc  committee  was  able  to  independently  arrive  at 
conclusions  which  supported  the  overall  thrust  of  the  NASA  immunology 
program  (Beisel  and  Talbot,  1985).  They  identified  the  central  issue  to 
be  to  determine  whether  the  known  changes  to,  and  as  yet  unstudied 
changes  in,  the  immune  system  and  the  microflora  of  space  crews  represent 
a  significant,  potential  health  problem  for  space  crews.  For  example, 
the  altered  blastogenic  responsiveness  of  lymphocytes  from  postflight 
blood  specimens  is  an  important  change  that  needs  precise  explanation. 
Such  an  explanation  might  be  an  inability  of  "T"  lymphocytes  to  generate 
growth  factors  and  growth  factor  receptors,  suggesting  marked  dysfunction 
with  implications  for  serious  impairment  of  immunocompetence.  Another 
examples  is  the  mild  gingivitis  experienced  by  Skylab  astronauts.  This 
phenomenon  could  indicate  a  neutrophilic  dysfunction  such  as  impairment 
of  cell  surface  adhesion  reactions.  However,  whether  neutrophil  function 
remains  normal  in  flight  and  during  the  first  few  days  postflight  remains 
unknown.  This  analysis  has  led  to  a  recommendation  by  the  FASEB  of  the 
following  studies  to  be  conducted  in  the  near  term. 

1.  Determine  inflight  immune  responses  of  space  crewmembers 
including  antibody  production  and  delayed  type  hypersensi¬ 
tivity  reactions  to  common  antigens. 

2.  Study  the  capacity  of  activated  T- lymphocytes  obtained 
postflight  from  space  crews  to  make  lymphokines  such  as 
interleukin-2,  interleukin-3,  and  gamma-interferon  and  to 
generate  lymphokine  receptor  such  as  that  for  interleukin- 
2.  For  T~lymphocyte  transformations,  PHA  and  ConA  are 
appropriate  nonspecific  mitogens;  PPD,  mumps,  streptokin- 
ase-streptodornase,  tetanus  toxoid,  and  Candida  albicans 
are  useful  specific  antigens. 

3.  Examine  recruitment  of  human  neutrophils  and  mononuclear 
cells  and  the  release  of  their  lysosomal  contents  inflight 
as  well  as  postflight  by  means  of  in  vivo  induction  of 
localized  skin  inflammation.  The  resulting  minor  skin 
lesions  offer  a  means  of  observing  wound  healing  as  well. 

4 .  Examining  mouth  washings  for  neutrophils  as  another  means  of 
acquiring  some  data  on  the  inflammatory  response  as  it  re¬ 
lates  to  gingivitis  or  other  oral  lesions. 

5.  Determine  the  temporal  pattern  of  changes  in  key  human 
immunologic  parameters  such  as  white  blood  cell  count,  dif¬ 
ferential  count,  and  blastogenic  responsiveness  of  T-lym- 
phocytes.  Possibly  related  variables  should  also  be  meas¬ 
ured  in  the  blood  specimens  for  this  study  including 
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epinephrine,  cortisol,  acute  phase  reactants  (C-reactive 
protein,  haptoglobin,  ceruloplasmin,  orosomucold,  alpha- 1- 
antitryp8ln)  as  well  as  plasma  zinc,  iron,  and  copper. 

6.  Determine  the  following  functional  capacities  of  peripheral 
blood  neutrophils  and  monocytes  obtained  from  specimens 
from  space  crew  personnel  at  selected  times  postflight: 
chemotactic  response,  adherence,  locomotion,  phagocytosis, 
degranulation,  bactericidal  activity,  oxidative  metabolism, 
and  respiratory  burst. 

7.  Conduct  preflight  and  postflight  studies  to  evaluate  the 
uptake  of  complement-altered  red  blood  cells  by  the  reticu¬ 
loendothelial  system. 

8.  Measure  in  vivo  macrophage  phagocytosis  using  the  uptake  of 
chromium-tagged,  antibody-coated  red  blood  cells  by  the 
splenic  macrophages  and  the  hepatic  Kupfer  cells. 


As  a  result  of  an  analysis  of  what  is  not  known,  as  well  as  what  is 
know  regarding  human  immune  dysfunction  during  space  flight,  these  short¬ 
term  goals  have  been  accepted  by  the  NASA.  It  is  hoped  that  meaningful 
inflight  experiments  will  be  conducted  within  the  next  decade  which  will 
result  in  real  progress  towards  the  goal  of  understanding  spaceflight 
lmmunoincompetence . 
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ABSTRACT 

The  results  of  postflight  and  inflight  human  in  vitro  lymphocyte 
experiments  have  been  reviewed.  The  cumulative  data  indicate  that 
mitogen-stimulated  T-cell  proliferation  is  blunted  following  short- 
duration  missions.  Since  similar  responses  may  also  be  obtained 
following  exposure  to  non-spaceflight  stressors  (hypoxia  and  academic 
stress),  it  is  unclear  if  microgravity  per  se  aggravates  this  response. 
Our  studies  indicate  that  stress- induced  impaired  PHA-  and  PWM- 
stimulated  activation  can  be  detected  within  the  first  24  hours  in 
culture  at  the  level  of  protein  synthesis.  While  the  mechanism  for 
neuroendocrine-mediated  blunted  mitogen  stimulated  T  cell  proliferation 
has  not  been  elucidated,  it  is  not  aggravated  by  autologous  plasma  and 
does  not  require  changes  in  mononuclear  cell  subpopulations.  While 
prior  studies  indicate  lymphocyte  activation  is  influenced  by  altering 
G  forces  on  in  vitro  cultures,  impaired  cellular  interactions  or 
suboptimal  microenvironments  related  to  reduced  cell  densities  in 
microgravity  may  contribute  to  the  greatly  impaired  mitogen  stimulated 
proliferation  responses  observed  on  Spacelab  flights.  It  will  be 
necessary  to  perform  lymphocyte  functional  assays  on  crewmembers  during 
spaceflight  to  determine  the  contribution  of  microgravity  per  se  on 
altered  human  immune  competence. 

INTRODUCTION 

The  exotic  environment  of  spaceflight  contains  a  variety  of  novel 
hazards  which  would  threaten  crew  health  if  immune  homeostasis  were 
impaired.  Orbital  flight  is  associated  with  exposure  to  unique  sources 
of  ionizing  radiation  (solar,  galactic  and  geomagnetically  trapped 
particles).  The  spacecraft  air  or  water  supply  may  become  contaminated 
by  pathogenic  organisms,  and  numerous  toxic  chemical  substances  could 
be  released  into  the  cabin.  Furthermore,  since  particles  will  remain 
airborne  in  the  absence  of  gravity,  the  intercrew  transfer  of 
infectious  agents  may  be  facilitated.  Since  emergency  evacuation  may 
be  difficult  or  impossible,  the  Soviet  and  American  space  programs  have 
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primarily  focused  upon  medical  issues  which  could  compromise  crew 
health.  Because  only  one  serious  inflight  infectious  illness  has 
occurred  requiring  an  aborted  mission  (Canby,  1986),  this  may  indicate 
the  effectiveness  of  preflight  quarantine  procedures  and  the  careful 
selection  of  flight  crew. 

Microgravity  also  induces  a  variety  of  physiologic  responses  which 
vary  in  severity,  including  cephalad  fluid  shifts,  cardiovascular 
deconditioning,  bone  demineralization,  muscle  atrophy  and  temporary 
postural  illusions  or  cerebral  dysfunction  which  may  progress  to  "space 
adaptation  syndrome"  among  susceptible  individuals.  During  the  past  25 
years  of  manned  spaceflight,  multiple  immunology  experiments  have  been 
conducted  postflight  and  inflight  to  investigate  the  immune  system's 
response  to  microgravity.  Numerous  investigators  have  performed  in 
vitro  mononuclear  cell  activation  assays  from  crewmembers  to  assess 
cellular  immune  competence  postflight.  These  assays  were  performed 
following  Apollo  (n=21),  Skylab  (n=9),  Apollo-Soyuz  Test  Project  (n=3) 
and  Shuttle  missions  (n=36)  as  summarized  in  Table  I.  The  results  of 
other  immunological  studies  are  summarized  by  Dr.  Taylor  in  the 
preceding  paper.  In  reviewing  these  prior  studies,  it  is  important  to 
appreciate  that  the  in  vitro  mitogen- induced  activation  assays 
preceding  the  Shuttle  program  were  performed  over  a  decade  ago,  and 
lymphocytes  were  obtained  and  cultured  under  very  difficult  "field 
conditions"  associated  with  mission  operational  constraints. 


Table  I  Results  of  U.S.  Astronauts'  Peripheral  Blood  Mononuclear  Cell 
In  Vitro  Mitogen-Stimulated  Activation  Following  Space  Flight 


Program 

Apollo 

Hate 

1968-1970 

H  Fi  irwrs 

tlBEM 

21 

Fl  IfjHT  Dkatioh  (days) 

6  to  11 

Rfpqrted  Results 

7 

Normal  PHA-stimjlated  RNA  and 

DNA  synthesis  (Fisher  et  al,  1972) 

Skylab 

1973-1979 

3 

7 

28,  59,  89 

Reduced  PHA-stimulated  RNA  and 

DNA  SYNTHESIS  (Kimzey,  1977) 

Apollo-Soyuz 
Test  Project 

1975 

1 

3 

9 

Reduced  PHA-stimjlated  thymidine 

UPTAKE  AND  VARIABLE  RESPONSES  TO 

Con  A  and  (VI  (Criswll,  1977) 

Shuttle 

1981-1989 

IQ 

2 

2jlq_6 

Reduced  RHA-stimulated  thymidine 
uptake  (Taylor  et  al,  1986) 

TOTALS 

21 

69 

299 

During  the  Apollo  program,  PHA- stimulated  DNA  and  RNA  synthesis 
were  estimated  by  measuring  1-hour  %-thymidine  and  ^H-uridine 
lymphocyte  uptake  at  72  and  24  hours  in  culture,  respectively.  The 
authors  found  that  postflight  results  were  within  the  normal  range  of 
values;  therefore  they  concluded  that  short-duration  spaceflights  were 
not  associated  with  immune  suppression  (Fisher  et  al.,  1972). 


The  PHA-stimulated  thymidine  and  uridine  uptake  results  following 
the  28-,  59-  and  84-day  missions  of  the  Skylab  program,  however,  were 
reported  in  sufficient  detail  so  that  it  is  possible  to  evaluate  the 
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assay  variability,  and  sensitivity  and  to  critique  the  results  (Kimsey 
1977).  Table  II  summarizes  the  results  of  the  PHA- stimulated  thymidine 
uptake  from  the  crew  and  three  control  subjects.  A  range  of  8,000  to 
60,000  DPM  obtained  from  1  normal  subject  on  2  occasions  (Skylab  2) 
indicates  intra-subject  variability  with  this  assay,  making  detection 
of  spaceflight- induced  alterations  of  cellular  immune  function 
difficult.  The  uniformly  low  DPMS  of  Skylab  3  crew  and  pre-  and 
postflight  controls  indicate  mitogenic  proliferation  was  very  poor  the 
day  preceding  launch.  In  contrast,  more  stable  preflight  responses 
from  Skylab  4  suggest  that  blunted  postflight  proliferative  responses 
occurred  among  all  three  crewmembers  compared  with  controls.  The  low 
responses  the  day  preceding  launch  (Skylab  3  and  4)  may  have  indicated 
in  vitro  immune  suppression  associated  with  anticipation  of  launch 
(stress - induced ) . 


Table  II  Skylab  Astonauts  and  Control  Subjects'  PBNMC  PHA-Stimulated 
^H- Thymidine  Uptake 

CREW  CONTROLS 


ftlE-FLIG  HT 

Pre-flight 

Skylab  2 

F-29  F-ll 

Pre-x 

Eosi 

Er2S 

Erll 

Pre-x 

PPST 

(28  days) 

1 

3 

10 

7 

6 

60 

8 

39 

22 

2 

13 

32 

23 

8 

38 

38 

38 

24 

3 

3 

32 

18 

21 

92 

37 

39 

15 

SkuabJ 
(59  days) 

Erl 

Ec&i 

Erl 

tai 

1 

3 

2.5 

10 

16 

2 

1,5 

1.0 

19 

15 

3 

0.8 

.7 

13 

19 

SkoabJI 
(89  days) 

EJQ 

Erl  Erl 

Pre  x 

Post 

Er3Q 

ErZ 

Erl 

Pre  x 

Post 

1 

15 

30  8 

18 

8 

21 

36 

9 

22 

17 

2 

17 

29  9 

9 

6 

50 

22 

8 

27 

35 

3 

12 

29  13 

13 

9 

45 

22 

13 

27 

12 

Data  represent  cpm  (KTh  per  1(£  WC  cultured  (Kimsey,  1977) 
PBWC  -  PERIPHERAL  BLOOD  MONONUCLEAR  CELLS 


The  wide  variation  in  results  observed  among  subjects  in  the 
Apollo  and  Skylab  missions  was  probably  related  to  the  methodology 
employed  10  to  15  years  ago.  Possible  sources  of  variation  which  could 
influence  assay  sensitivity  include  the  following:  depleting  adherent 
cells  (monocytes  and  B  cells)  via  a  nylon  wool  column  used  for 
isolation  of  lymphocytes;  variations  in  the  mitogenic  potency  of 
nonpurified  PHA;  non-uniform  lots  of  FCS  (Apollo)  or  human  AB  serum 
(Skylab);  diurnal  variations  and  delay  in  culturing  cells  following 
collection  (Apollo);  measuring  radiolabeled  thymidine  uptake  in  intact 
cells;  and  the  inability  to  accurately  determine  the  exact  number  of 
cells  cultured  or  any  combination  of  the  above  factors. 
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The  mitogenic  responses  of  mononuclear  cells  obtained  from  the 
Apollo-Soyuz  crew  have  been  reported  to  indicate  a  reduced  postflight 
PHA-stimulated  ^H-thymidine  uptake  (Criswell  1977).  The  variability  of 
preflight  responses  reported  as  stimulation  indexes  was  so  great  for 
the  Con  A  and  PWM-stimulated  responses  that,  the  author  correctly  chose 
not  to  comment  on  the  significance  of  those  postflight  responses.  This 
mission  was  unique,  however,  since  the  crew  inhaled  N2O4  during 
reentry.  This  toxic  exposure  resulted  in  radiographic  evidence  of 
pneumonitis  and  arterial  O2  desaturation  within  24  hours  (Nicogossian 
et  al.,  1977).  Despite  receiving  high  dose  glucocorticoid  therapy,  2 
of  the  3  crew  had  normal  PHA-stimulated  thymidine  uptake  responses  8 
days  after  splashdown.  Therefore,  this  assay  was  insensitive  for 
detecting  drug-  induced  immune  depression.  As  a  result  it  is  not 
surprising  that  earlier  studies  failed  to  detect  significant  postflight 
immune  suppression.  These  confounding  variables  make  interpretation 
difficult  despite  some  improved  changes  in  the  assay  including  ficoll- 
hypaque  gradient  separation  and  using  an  automatic  harvester  following 
a  2-hour  pulse. 

PHA-stimulated  tritiated  thymidine  uptake  was  determined  by  a  more 
sensitive  assay  from  36  crewmembers  following  the  first  11  flights  of 
the  Space  Shuttle  (Taylor  et  al.,  1986).  Using  optimum  incubation 
times  (72,  84  or  96  hours)  and  mitogenic  concentrations  of  PHA,  Taylor 
reported  a  decrease  of  33+3%  (mean  +S.E.M.)  from  29  crewmembers  who 
exhibited  a  reduced  maximal  proliferative  response  compared  to  3 
preflight  baseline  values.  Only  5  crewmembers  had  an  increase  response 
postflight  (1%,  9%,  13%,  24%,  and  44%).  Cell  surface  phenotype 
analysis  was  also  performed  on  mononuclear  cells  from  11  crewmembers 
prior  to  culture.  An  association  between  the  postflight  decrease  in 
the  percentage  of  M3  positive  cells  (r=.697)  and  the  change  in 
postflight  tritiated  thymidine  uptake  was  noted;  whereas,  no 
significant  changes  or  correlations  were  detected  between  B3,  T^  or  Tg 
populations  of  lymphocytes. 

The  Soviet  postflight  immunology  studies  have  been  reviewed  and 
summarized  by  Cogoli  (1980  and  1984).  While  the  Soviet  investigators 
have  also  reported  impaired  mitogenic  responses  following  most  missions 
(Konstantinov  et  al,  1978;  Vorob'yev  et  al.,  1984),  the  lack  of 
published  details  regarding  their  immunologic  methods  prevents  a 
critical  analysis  of  their  data  or  conclusions. 

Cogoli  and  colleagues  have  been  the  pioneers  of  gravitational 
immunobiology  and  this  area  has  been  reviewed  by  Barone  and  Caren 
(1984).  The  effects  of  gravity  per  se  on  mitogen- induced  in  vitro 
lymphocyte  proliferation  has  been  studied  by  Cogoli  for  the  past  10 
years.  Cogoli' s  group  first  reported  that  maximum  Con  A-stimulated 
thymidine  incorporation  in  mouse  spleen  cells  occurred  24  hours  earlier 
during  2-G  culture  conditions  compared  with  1-G  control  cells  (Cogoli 
et  al.,  1979).  Con  A-stimulated  human  lymphocytes  exhibited  a  50% 
reduction  in  thymidine  uptake  compared  with  1-G  controls  when  cultured 
in  a  rapidly  rotating  clinostat  device  simulating  "functional 
weightlessness"  (Cogoli  et  al.,  1980  ).  They  also  reported  increased 
Con  A-stimulated  thymidine  incorporation  into  human  lymphocytes  during 
10-G,  which  exceeded  the  20-30%  increase  observed  in  4  different  cell 
lines:  HeLa,  chicken  fibroblasts,  sarcoma  cells  and  Friend  leukemia 
virus  transformed  cells  (Tschopp  and  Cogoli,  1983).  In  addition, 
Tschopp  and  Cogoli  also  demonstrated  that  this  effect  was  independent 


of  the  increased  hydrostatic  pressure  associated  with  centrifugation 
(Tschopp  and  Cogoli,  1983).  During  Spacelab  1  Cogoli  and  colleagues 
reported  that  cultured  human  mononuclear  cells  stimulated  with  Con  A  in 
flight  had  a  97%  reduction  in  thymidine  incorporation  compared  with 
ground  1-G  controls,  despite  good  glucose  utilization  and  viability  in 
8  ml  culture  tubes  containing  2  x  10^  cells/ml  (Cogoli  et  al.,  1984). 
This  finding  was  reproduced  in  an  expanded  protocol  during  the  D-l 
Spacelab  mission  which  also  included  an  in-flight  1-G  control  reference 
centrifuge  in  addition  to  ground  controls  (Bechler  and  Cogoli,  1986). 
Furthermore,  they  confirmed  a  postflight  decrease  in  Con  A-stimulated 
lymphocyte  responsiveness  which  returned  to  preflight  values  in  one 
astronaut  by  day  7  and  another  by  day  13.  The  50%  blunted  response 
observed  in  the  1-G  flight  control  centrifuge  is  especially  interesting 
because  the  effects  of  intermittently  stopping  the  centrifuge  in 
microgravity,  with  subsequent  disruption  of  sedimented  cells  or 
biophysical  changes  in  cells  secondary  to  microgravity  (more  spheroid 
shape  or  alteration  in  cell  morphology)  during  activation,  may  have 
prevented  an  optimum  response.  This  landmark  experiment  provides  the 
strongest  evidence  that  microgravity  per  se  may  blunt  T  cell 
activation. 

Therefore,  in  summarizing  the  U.S. post-spaceflight  in  vitro 
cellular  immunology  studies,  the  methods  used  before  Shuttle  were 
probably  only  sensitive  enough  to  detect  dramatically  impaired  in 
vitro  activation  responses.  Nevertheless,  the  blunted  responses 
following  the  84-day  mission  of  Skylab  4  suggest  that  long-duration 
flights  induce  responses  similar  to  those  observed  post-Shuttle 
flights.  The  return  of  responses  to  preflight  values  within  1  to  2 
weeks  post-landing  (Skylab  and  Shuttle)  indicate  that  spaceflight 
induced  altered  immune  function  is  quickly  reversed  upon  return  to 
Earth.  This  prompt  recovery,  the  lack  of  association  between  mission 
duration  and  in  vitro  responses  (Skylab  or  Shuttle),  the  low  preflight 
responses  the  day  before  liftoff  on  Skylab  3  and  4  missions,  and  lower 
responses  during  the  test  phase  of  the  Shuttle  (first  4  flights) 
suggest  that  blunted  post- spaceflight  responses  could  be  stress- induced 
and  do  not  necessarily  reflect  microgravity- impaired  responses. 

We  have  performed  a  number  of  in  vitro  immunology  studies  on 
subjects'  PBMNC  following  exposure  to  various  environmental  stressors 
to  determine  the  following: 

1)  If  physiological  responses  which  accompany  stress  could  induce 
similar  responses  to  those  observed  post-space  flight; 

2)  Which  in  vitro  immune  assays  are  most  sensitive  to  stress  or 
neuroendocrine-mediated  influences;  and 

3)  Possible  mechanisms  for  stress- induced  impaired  in  vitro 
mononuclear  cell  activation. 

MATERIALS  AND  METHODS 
SAMPLE  PREPARATION 

Peripheral  blood  mononuclear  cells  were  obtained  from  volunteers 
participating  in  the  following  separate  studies: 

1)  A  decompression  chamber  exposure  simulating  extravehicular 
activity  of  U.S.  Astronauts  at  NASA- Johnson  Space  Center  (Meehan  et 
al.,  1985) 
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2)  An  altitude  chamber  study  simulating  a  6-week  ascent  from  sea 
level  to  29,000  ft,  resulting  in  progressive  hypobaric  hypoxia 
(Operation  Everest  II,  U.S.  Army  Research  Institute  of  Environmental 
Medicine,  Natick  MA.) 

3)  A  psychological  stress  study  associated  with  m^_ur  academic 
examinations  by  first -year  UTMB  medical  students. 

All  subjects  were  healthy,  denied  using  any  drugs  and  freely  gave 
informed  consent.  Approval  was  granted  by  Institutional  Human  Subject 
Review  Committees  (NASA,  U.S. Army  and  UTMB).  Peripheral  blood  was 
collected  into  sterile  vacutainer  tubes  containing  heparin  (Becton- 
Dickinson)  and  within  1-hour  after  collection,  mononuclear  cells  were 
isolated  over  f icoll-Hypaque  (Sigma)  density  gradients  as  previously 
described  (Taylor  and  Dardano,  1983).  Activation  assays  were  performed 
in  triplicate  200ul  wells  using  round  bottom  microtiter  plates  (Linbro) 
at  1.0  xlO^  mononuclear  cells/ml  in  RPMI  1640  (Gibco)  containing  5% 
200mM  glutamine  (Gibco),  20%  HIFCS  (Gibco),  or  in  some  cultures,  20% 
autologous  plasma  and  1%  v/v  antibiotic  (PCN,  amphotericin  and 
streptomycin-Gibco) .  Multiple  concentrations  of  PHA  (.1,.5,  1,  3,  and  5 
ug/ml  Burroughs-Wellcome)  and  PWM  (1:100,  1:200  and  1:400  Gibco)  were 
used  to  determine  the  optimum  mitogenic  dose  for  each  subject. 
Activation  assay  results  were  expressed  as  cpra  per  1.0  xlO^  cells 
cultured.  Protein  synthesis  was  determined  after  24  hours  in  culture 
following  a  3-hour  pulse  with  -^S-methionine  (2  uCi/well-sp.  act. 
lmCi/mM)  as  previously  described  (Meehan  and  Ashman,  1984).  %- 

Thymidine  uptake  was  determined  at  72  hours  in  culture  following  a  2- 
hour  pulse  with  luCi/well  as  previously  described  (Taylor  and  Dardano, 
1983),  to  allow  comparison  with  data  obtained  post  spaceflight. 

Peripheral  blood  was  collected  in  EDTA  and  mononuclear  cells  were 
stained  by  indirect  immunof lourescence  using  monoclonal  antibodies. 
Phenotype  positive  cells  were  analyzed  by  flow  cytometry  for  the 
simulated  EVA  study  as  previously  described  (Taylor  et  al.,  1986; 

Meehan  et  al.,  1986).  Direct  immunof lourescence  using  phycoerythrin- 
conjugated  MoAb  (Becton-Dickinson)  was  used  for  the  Academic  stress  and 
Hypoxia  studies  (anti-leu3a,  anti-leu2a,  anti-leuM3,  anti-leullc,  anti- 
leuj2>  and  anti-HLel). 

Statistical  data  analysis  was  performed  with  the  UTMB-CRC  ClinfoR 
data  management  system.  Data  are  reported  as  mean  +  standard  error  of 
the  mean.  The  results  from  multiple  control  and  test  days  were 
analyzed  by  ANOVA  with  repeated  measures-BMDP  and  significant 
differences  were  identified  with  the  University  of  Rochester  Weighted 
Multivariate  ANOVA  system.  A  paired  t  test  was  used  on  data  from  only 
2  test  periods.  Linear  regression  analysis  was  performed  on  data  to 
identify  significant  correlations. 

RESULTS 

Association  Between  Monocytes  and  T  Helper /Suppressor  Subsets  on  PHA- 
and  PWM-Stimulated  Thymidine  Uptake 

The  combined  data  from  the  Academic  stress  and  Hypoxia  studies  are 
displayed  in  Figures  1,2,4  and  5.  The  control  data  are  from  9  male 
students,  3  weeks  prior  to  their  first  major,  medical  school  exam 
(stress)  and  from  7  male  subjects  during  sea  level  in  the 
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Hypoxia  study.  Stress  data  corresponded  to  samples  obtained  between  7 
and  8  a.m.  on  the  exam  morning  and  after  a  4 -week  ascent  to  25,000  ft. 

A  significant  depression  of  PHA-stimulated  thymidine  uptake  was 
observed  in  both  studies  during  exposure  to  stressful  environments 
(108+7  vs  85+5  cpm  x  103  for  academic  stress  p<.01  and  129+7  vs  106+12 
cpm  x  103  for  hypoxic  stress  p<.001,  control  vs  stress  respectively). 
The  unstimulated  culture  thymidine  uptake  values  were  similar  between 
stress  and  nonstress  periods  (4+1  vs  4+1  cpm  x  103  academic  and  6+1  vs 
8+1  cpm  x  103  hypoxia  ).  A  significant  correlation  (r=-.841,  p<.005) 
between  the  percentage  of  cultured  monocytes  (Mj  cells)  and  PHA- 
stimulated  thymidine  uptake  was  only  observed  in  the  medical  students 
during  the  control  period  as  shown  in  Figure  1.  Despite  reduced 
thymidine  uptake  at  72  hours  in  both  separate  studies  during  stress,  no 
significant  correlations  were  apparent  between  monocytes  and 
proliferation  responses  during  the  stress  periods. 
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Figure  1.  The  relationship  between  the  percentage  of  M^+  cultured 
peripheral  blood  mononuclear  cells  and  PHA-stimulated  thymidine  uptake 
by  subjects  participating  in  2  different  stress  studies. 


As  noted  in  Figure  2,  there  were  also  no  significant  correlations 
between  the  percentages  of  cultured  mononuclear  cells  expressing  the  T- 
cell  surface  phenotype  subset  markers  (as  ratios  of  Helper  to 
Suppressor  cells)  and  PHA-stimulated  thymidine  uptake.  There  were  also 
no  significant  differences  observed  between  control  and  stress  periods 
in  the  percentage  of  cultured  B-cells  (leul2+),  T  Helper  (leu3a+),  T 
Suppressor  (leu2a+)  or  NK  cells  (leullc+  cells  were  only  identified  in 
the  academic  study).  A  stress- induced  increase  in  monocytes  (leu  M3+) 
was  observed  during  hypoxia  (9+1%  vs  19+3%  sea  level  vs  25,000ft 
p<.05),  but  not  academic  stress  (19+2%  vs  16+1%  control  vs  stress). 
Therefore,  the  blunted  PHA-stimulated  thymidine  uptake  responses 
following  2  different  stressors  (academic  and  hypoxic)  cannot  be 
accounted  for  exclusively  by  culturing  different  proportions  of 
monocytes,  T  Helper  or  T  Suppressor  subsets. 
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Figure  2.  The  relationship  between  cultured  cells  positive  for 
Ieu3a+/leu2a+  antigens  and  PHA-stimulated  thymidine  uptake  from 
subjects  participating  in  2  stress  studies. 


The  results  from  15  men  and  13  women  participating  in  the 
simulated  EVA  study  were  also  analyzed  to  identify  any  associations 
between  stress  and  changes  in  mononuclear  cell  subsets.  Blood  was 
obtained  twice  from  each  subject  at  3  p.m.  (pre  chamber)  and  24  hours 
later  after  completing  the  chamber  exposure  which  included  a  6-hour 
100%  O2  prebreathe  (14.7  psi)  followed  by  6  hours  of  simulated  EVA 
activity  at  4.3  psi.  Despite  this  intervention,  which  also  included 
loss  of  normal  sleep  patterns  and  venous  bubbles  detected  by  precordial 
doppler  in  1/3  of  the  subjects,  no  changes  were  detected  in  any  cell 
phenotypes  before  or  after  chamber  exposure  (M3+,  T4+,  Tg+  or  leul2+). 
We  were  also  unable  to  detect  any  differences  in  PHA-stimulated 
thymidine  uptake  following  this  acute  stress  episode  (Meehan  et  al., 
1986).  There  were  no  significant  correlations  between  the  percentage 
of  M3+  or  T^+/Tg+  cultured  cells  and  mitogen  stimulated  activation 
(Figure  3)  either  before  or  after  chamber  exposure. 
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Figure  3.  The  association  between  cultured  Mg+  and  T^+/Tg+  mononuclear 
cells  and  PHA-stimulated  thymidine  uptake  from  subjects  before  and 
after  exposure  to  a  decompression  chamber  simulating  EVA  conditions. 


The  combined  data  from  the  Academic  and  Hypoxia  studies  during 
PWM-stimulated  thymidine  uptake  are  displayed  in  Figure  4.  There  were 
no  significant  associations  between  thymidine  uptake  and  the  percentage 
of  cultured  monocytes  during  stress  or  control  days.  This  lack  of 
association  was  also  true  for  leu3a+/ leu2a+  cells  (data  not  shown). 
Therefore,  a  reduced  PWM-stimulated  thymidine  uptake  during  stress  was 
similar  to  the  PHA  responses  (Figure  1)  since  reduced  proliferation 
occurred  unassociated  with  culturing  different  percentages  of  monocytes 
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or  T-cell  subsets.  The  combined  data  from  all  subjects  participating 
in  these  various  studies  also  suggest  that  inter-subject  variations  in 
mitogen-stimulated  proliferative  responses  are  not  exclusively  due  to 
culturing  different  percentages  of  various  mononuclear  cell  phenotypes 
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Figure  4.  The  association  between  cultured  Mj+  cells  and  PWM- 
stimulated  thymidine  uptake  using  mononuclear  cells  from  subjects 
participating  in  2  stress  studies. 


Association  Between  Monocytes  and  T  Helper/Suppressor  Subsets  on 
Mitogen-Induced  Protein  Synthesis 

We  had  previously  analyzed  PWM- stimulated  human  mononuclear  cell 
protein  synthesis  to  investigate  the  contribution  of  cellular 
interactions  on  biochemical  events  which  influence  early  B-cell 
activation  signals  (Meehan  and  Ashman,  1984).  Therefore,  we  measured 
PWM- stimulated  -^S-methionine  incorporation  to  determine  if  stress- 
induced  immunoregulatory  influences  could  be  detected  within  the  first 
24  hours  of  activation  in  culture.  Since  monocytes  contribute  greatest 
to  this  PWM-stimulated  protein  synthetic  response  (compared  with  equal 
numbers  of  B-cells  or  T-cells)  in  a  serum-free  system,  the 
demonstration  of  a  slight  positive  trend  (r=.63,  p=.07)  between  the 
percentage  of  cultured  monocytes  and  PWM-stimulated  protein  synthesis 
noted  in  Figure  5  was  not  surprising.  A  reduced  PHA  and  PWM- 
stimulated  protein  synthetic  response  (36+1  vs  21+1  cpm  xlO^  control  vs 
stress  for  PHA  p<.001,  and  14+1  vs  10+1  cpm  xlO^  control  vs  stress  for 
PWM  p<.00l)  was  observed  after  the  first  24  hours  in  culture  during 
academic  stress.  As  a  result,  reduced  PHA  and  PWM-stimulated 
proliferation  responses  are  preceded  by  reduced  mitogen  stimulated 
protein  synthesis  following  stress. 
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Figure  5.  The  association  between  cultured  M3+  cells  and  PWM- 
stimulated  protein  synthesis  from  subjects  participating  in  2  different 
stress  studies. 

Effect  of  Autologous  Plasma  on  Impaired  Mitogenic  Activation  following 
Stress 

One  possible  explanation  for  impaired  blastogenesis  following 
stress  is  that  elevated  hormones  (catecholamines,  glucocorticoids, 
brain  peptides  etc.)  or  other  unidentified  substances  present  at  the 
time  of  phlebotomy  may  bind  or  adhere  to  the  mononuclear  cell  surfaces 
or  receptors  and  interfere  with  mitogenic-stimulated  activation 
signals.  To  investigate  this  possible  mechanism,  we  simultaneously 
cultured  each  subject's  cells  in  20%  autologous  plasma  in  addition  to 
20%  fetal  calf  serum  during  stress  and  nonstress  periods.  The  results 
of  this  strategy  are  summarized  in  Table  III.  There  was  no  difference 
between  autologous  plasma  before  or  after  stress  in  the  EVA  study. 

There  were  also  no  differences  in  thymidine  uptake  measured  at  the  same 
times  with  20%  FCS  (Meehan  et  al,  1986).  In  contrast,  mononuclear 
cells  obtained  during  academic  stress  had  a  30%  reduction  in  PHA- 
stimulated  (lug/ml)  thymidine  uptake  with  autologous  plasma,  which  was 
less  than  the  40%  reduction  noted  with  fetal  calf  serum.  A  failure  of 
autologous  plasma  to  aggravate  stress- induced  blunted  mitogen  responses 
was  also  observed  following  another  academic  stress  exposure  (Meehan  et 
al.,  1985).  A  48%  reduction  in  maximum  PHA-stimulated  thymidine  uptake 
occurred  during  an  academic  examination  compared  with  10  days  later 
(control).  No  reduction  was  observed,  however,  in  cultures  with  20% 
autologous  plasma  collected  and  stored  at  -20°C  from  stress  vs 
nonstress  periods  and  in  PHA-stimulated  thymidine  uptake  from  cells 
obtained  during  a  nonstress  period. 


Table  III  Effect  of  Autologous  Plasma  on  PHA  Stimulated  ^H-Thymidine 
Uptake  Stress  vs  Non-Stress 
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61*4  (-401) 

141*14 

98*10  (-307) 

flu.  data  are  x  *  S.E.M.  (10-^)  of  PHA  (Eg/ml)  stimualted  cultures  harvested  at  77  hours 
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We  have  performed  PHA  and  PWM- stimulated  in  vitro  lymphocyte 
activation  studies  on  PBMNC  from  60  subjects  following  exposure  to 
various  stressors  including  an  altitude  of  25,000  ft  which  is 
incompatible  with  successful  adaptation, (Meehan  and  Zavala,  1982).  We 
have  not,  however,  observed  the  dramatic  reductions  in  mitogen- 
stimulated  thymidine  uptake  which  were  reported  from  in  flight 
experiments  performed  on  the  Shuttle  Spacelab  missions  (Cogoli  et  al., 
1984  and  Bechler  and  Cogoli,  1986).  Therefore,  we  investigated  the 
hypothesis  that  reduced  cell  densities  per  se  (occurring  during  culture 
in  microgravity  (2x  10^  cells/ml  in  8  ml  tubes)  could  impair  mitogen- 
stimulated  proliferation.  The  results  in  Table  IV  are  from  3  separate 
subjects  using  round  and  flat  bottom  200ul  wells  containing  cells  at 
various  concentrations.  Data  are  reported  as  cpm  per  million  cells 
cultured.  As  noted,  a  ten  fold  reduction  in  final  cell  concentrations 
resulted  in  almost  complete  loss  of  PHA-stimulated  thymidine  uptake  in 
flat  bottom  wells;  whereas  less  reduction  was  noted  in  the  round  bottom 
wells.  Therefore,  while  we  used  different  culture  conditions  than 
those  used  during  prior  in  flight  experiments,  this  data  supports  the 
hypothesis  that  the  profound  loss  of  mitogen- induced  DNA  synthesis  in 
PBMNC  during  0-G  culture  reflect  the  loss  of  normal  cellular 
interactions  provided  by  higher  cell  densities  which  are  necessary  for 
optimum  in  vitro  activation  and  proliferation. 


Table  IV  Effect  of  Cell  Density  on  PHA-Stimulated  ^H-Thymidine  Uptake 
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DISCUSSION 

The  result  of  postflight  PBMNC  mitogen- induced  in  vitro  thymidine 
uptake  responses  have  been  reviewed.  While  the  results  from  more 
sensitive  assays  indicate  blunted  responsiveness,  the  magnitude  of  this 
reduction  is  certainly  less  than  in-flight  Con  A-stimulated  thymidine 
uptake  observed  during  microgravity  conditions  on  Spacelab  1  and  D1 . 

The  most  likely  explanation  for  these  disparate  results  is  that 
postflight  responses  reflect  stress- induced  neuroendocrine  mediated- 
alterations  in  immune  regulation;  whereas  in-flight  impaired 
mitogenesis  is  due  primarily  to  unique  0-G  related  cell  culture 
conditions.  Since  Con  A-stimulated  lymphocytes  flown  on  Spacelab  1  had 
microscopic  evidence  of  agglutination,  as  well  as  increased  glucose 
utilization  (compared  with  non-mitogen  cultures),  the  cells  probably 
underwent  some  early  activation  events.  The  failure  to  undergo 
mitogenesis  in  0-G,  as  reflected  by  virtually  no  Con  A-stimulated 
thymidine  uptake,  is  probably  due  to  insufficient  cell  contact  with 
accessory  cells  and/or  the  subsequent  generation  of  immunoregulatory 
cytokines  (ILq  and  IL2)  in  sufficient  concentration  in  the 
microenvironment  for  biochemical  amplification  responses  (example,  up 
regulation  of  IL2  receptors)  to  proceed.  The  importance  of  cellular 
interactions  and  accessory  cells  in  mitogen-stimulated  T-cell 
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mitogenesis  has  been  reviewed  by  Unanue  (1981)  and  clarified  by  the 
report  of  Davis  and  Lipsky  (1985).  We  have  used  various  cell 
concentrations  and  well  bottom  geometries  in  this  paper  to  demonstrate 
that  greatly  reduced  PHA- stimulated  thymidine  uptake  similar  to  the 
responses  obtained  by  Con  A  in  microgravity  could  occur  by  reducing  in 
vitro  cell  densities. 

Lectin  stimulated  mitogenesis  involves  a  complex  series  of 
biochemical  processes  including:  cross  linking  of  surface  molecules, 
cation  and  Ca++  influx,  increased  synthesis  of  phospholipids,  proteins, 
cyclic  nucleotides,  and  increased  glucose  utilization  (Ashman,  1984). 
For  the  reasons  listed  above  and/or  due  to  biophysical  cellular 
properties  altered  in  reduced  gravity,  activation  by  Con  A  was  probably 
not  followed  by  normal  DNA  synthesis  in  microgravity. 

No  apparent  positive  correlations  were  observed  between  mission 
duration  and  reduction  of  mitogen-stimulated  responses  following  the 
Soviet  or  American  flights.  Responses  usually  returned  to  preflight 
values  within  2  weeks  after  landing.  We  have  obtained  similar  reduced 
responses  in  normal  subjects  following  exposure  to  various  stressors. 
Therefore,  blunted  post-spaceflight  mitogenic  activation  responses  are 
probably  due  to  stress  per  se. 

Our  studies  indicate  that  while  stress- induced  blunted  thymidine 
uptake  can  be  associated  with  an  increase  in  monocytes  (hypoxia 
stress),  it  can  also  occur  without  changes  in  monocytes  and  does  not 
depend  upon  changes  in  T  Helper  or  Suppressor  subsets.  Furthermore, 
alterations  in  PHA-  and  PWM- induced  activation  can  be  detected  as  early 
as  24  hours  in  culture  at  the  level  of  mitogen- increased  protein 
synthesis.  One  possible  mechanism  for  impaired  mitogen- induced 
blastogenesis  following  stress  could  involve  modulation  of  biochemical 
signals  (via  hormone- receptor  interactions  which  blunt  protein 
synthesis  during  the  first  24  hours  of  mitogenic  activation.  Our 
studies  with  autologous  plasma,  however,  suggest  that  the  reduced  in 
vitro  responsiveness  to  mitogen  following  stress  may  involve  more 
complex  regulatory  signals  rather  than  simply  reflect  depressed  in 
vitro  T  cell  function  due  to  the  presence  of  various  stress  hormones. 

Neuroendocrine  modulation  of  human  T-cell  function  following 
stressful  events  (including  spaceflight)  could  be  investigated  by  using 
lymphocyte  activation  strategies  which  have  been  useful  in  elucidating 
mechanisms  of  altered  immune  regulation  in  diseases  (Fauci  et  al., 
1983).  Since  the  CNS  and  immune  system  interact  as  a  regulatory 
circuit  complete  with  feedback  mechanisms  and  share  common  peptide 
hormones  and  receptors  (Blalock  and  Smith,  1985),  future  studies  may 
need  to  focus  on  the  role  of  endogenous  brain  peptides  and  other 
hormones  in  modulating  human  T  cell  function  following  exposure  to 
various  stressful  events. 
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THE  MAMMALIAN  HEAT  SHOCK  (OR  STRESS)  RESPONSE: 


A  CELLULAR  DEFENSE  MECHANISM 


William  J.  Welch 

Cold  Spring  Harbor  Laboratory 
Cold  Spring  Harbor,  New  York  11724 


All  organisms  display  homeostatic-like  responses  to  adverse  changes 
in  their  local  growth  environment.  These  responses  can  include  temporary 
modifications  of  protein  function  or  more  long-term  changes  including 
altered  patterns  of  gene  expression  which  allow  for  adaption  to  the  new 
environnental  circumstance.  In  addition,  organisms  have  also  developed 
what  appears  to  be  a  pre-planned  strategy  to  confront  abrupt  changes  in 
their  environment  such  as  that  experienced  during  exposure  to  slightly 
elevated  growth  temperatures.  This  latter  response,  termed  the  heat 
shock  response,  entails  the  rapid  and  preferential  synthesis  of  a  group 
of  proteins,  the  heat  shock  proteins,  whose  collective  function  appears 
to  afford  the  cell  protection  until  a  return  of  the  cell  to  its  normal 
growth  temperature  (for  reviews,  see  Ashburner  and  Bonner,  1979; 
Schlesinger  et  al.,  1982;  Craig,  1985;  Subjeck  and  Shyy,  1986;  Lindquist, 
1986). 

Since  the  initial  discovery  of  the  heat  shock  response  in  isolated 
salivary  glands  of  the  fruit  fly,  Drosophila  melanogaster  (Ritossa, 
1962),  work  from  many  laboratories  has  demonstrated  that  all  organisms, 
be  they  prokaryotes,  yeast,  plants,  on  up  to  all  higher  eukaryotes, 
respond  in  a  remarkably  similar  fashion  to  elevated  growth  temperatures. 
Moreover,  a  heat  shock  like  response  can  also  occur  when  the  cell  is 
exposed  to  a  wide  variety  of  other  environmental  insults  including  amino 
acid  analogs,  various  heavy  metals,  ethanol,  certain  ionophores,  and 
agents  which  perturb  mitochondrial  function  (Ashburner  and  Bonner,  1979; 
Thomas  et  al.,  1982).  Consequently,  this  evolutionary  conserved  response 
to  environmental  traumas  is  now  more  commonly  referred  to  as  the  "stress" 
response  and  the  proteins  induced  as  the  stress  proteins.  Therefore,  any 
circumstance  that  results  in  the  increased  synthesis  of  the  stress 
proteins  constitutes  a  stress  response  with  the  extent  of  the  response 
depending  upon  the  particular  agent  used  and  the  amount  of  the  stress 
proteins  produced. 

Collectively,  the  stress  proteins  appear  to  serve  a  function  in  the 
protection  and  enhanced  survival  of  the  cell  experiencing  stress.  For 
example,  it  has  been  demonstrated  that  cells  given  a  mild  sublethal  heat 
shock  treatment,  then  returned  to  their  normal  growth  temperature  and 
subsequently  exposed  to  a  second  more  lethal  heat  shock  challenge, 
display  significantly  higher  survival  rates  than  do  cells  which  are 
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immediately  brought  to  the  lethal  temperature  (Gemer  et  al.,  1976;  Henle 
and  Leeper,  1976).  This  phenomenon,  referred  to  as  acquired 
thermotolerance,  appears  dependent  upon  the  production  of  the  stress 
proteins.  Drugs  which  inhibit  their  production  or  agents  which  result  in 
production  of  non-functional  stress  proteins  (e.g.,  amino  acid  analogs) 
prevent  the  acquisition  of  thermo  tolerance .  As  will  be  discussed  later, 
the  key  to  thermotolerance  appears  to  reside  in  the  ability  of  the  cell 
to  function  normally  when  presented  with  conditions  which  are  typically 
toxic  and/or  which  inhibit  basic  cellular  functions  like  transcription 
and  translation. 

For  a  considerable  period  of  time  after  the  discovery  of 
heat-induced  changes  in  Drosophila  transcription  patterns,  the  heat  shock 
response  largely  remained  in  the  hands  of  molecular  biologists  interested 
in  the  regulation  and  mechanisms  of  gene  transcription.  Hence,  a  large 
part  of  what  we  know  regarding  the  response  concerns  those  genes  which 
encode  the  stress  proteins  and  the  regulatory  regions  which  govern  their 
expression.  Only  in  the  past  ten  years  or  so  has  interest  been  paid  to 
the  biological  changes  occurring  in  the  stressed  cell  and  the  properties 
of  the  individual  stress  proteins.  Hence,  work  in  our  laboratory  has 
centered  around  defining  pertinent  morphological  changes  which  occur 
following  stress,  identifying  and  purifying  the  individual  stress 
proteins,  and  determining  the  biochemical  function  of  the  stress 
proteins.  In  what  follows,  I  will  discuss  much  of  our  present  knowledge 
concerning  the  biology  of  the  stressed  cell,  placing  an  emphasis  on  the 
properties  and  possible  functions  of  the  stress  proteins  and  the  work 
done  in  our  laboratory. 


RESULTS  AND  DISCUSSION 

Morphological  Changes  Which  Occur  Following  Stress 

Using  a  combination  of  light  and  electron  microscopy,  as  well  as 
immunological  methods,  we  have  defined  some  of  the  major  morphological 
lesions  which  occur  in  mammmalian  cells  when  subjected  to  stress.  We 
have  observed  that  in  rat  embryo  fibroblasts  exposed  to  a  42.5°C  heat 
shock  treatment  there  occurs  a  number  of  significant  changes  with  respect 
to  the  organization  of  components  present  in  both  the  cytoplasm  and 
nucleus.  In  the  case  of  the  former,  physiological  stress  results  in  a 
rapid  collapse  of  the  vimentin-containing  intermediate  filaments  in  and 
around  the  nucleus  (Thomas  et  al.,  1982;  Welch  et  al.,  1985;  Welch  and 
Suhan,  1985).  Concomitant  with  this  collapse  we  find  that  both  the 
mitochondria  and  ribosomes  similarly  relocalize  within  this  tight  network 
of  collapsed  filaments.  During  recovery  from  the  beat  stress,  the  cells 
slowly  regain  normal  intermediate  filament  morphology  and  both  the 
mitochondria  and  ribosomes  regain  their  normal  cytoplasmic  distribution. 
Moreover,  high  voltage  electron  microscopy  reveals  that  the  structure  and 
integrity  of  the  mitochondria  are  visibly  altered  following  the  heat 
shock  treatment  (Welch  and  Suhan,  1985).  Specifically,  the  mitochondria 
appear  enlarged  and  show  a  corresponding  change  in  the  appearance  of  the 
individual  cristae.  These  latter  changes  appear  analogous  to  those 
described  for  the  mitochondrion  of  cells  treated  with  various  agents 
which  interfere  with  either  electron  transport  or  oxidative 
phosphorylation  (Buffa  et  al.,  1970)  and  therefore  are  indicative  of 
there  being  a  perturbation  in  mitochondrial  function  following  heat 
shock.  Indeed,  others  have  described  a  rapid  reduction  in  overall  ATP 
levels  following  heat  shock  in  Tetrahymena  (Findly  et  al.,  1985).  In 
addition,  we  now  have  preliminary  evidence  which  indicates  there  to  be  a 
depolarization  of  the  mitochondria  after  induction  of  the  stress  response 
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(Welch,  in  preparation).  These  observations,  in  sum,  may  turn  out  to  be 
very  significant  owing  to  suggestions  that  changes  in  mitochondrial 
function  may  play  a  role  in  triggering  the  stress  response  and/or  be 
integral  to  the  ability  of  the  cells  to  recover  from  stress. 

Striking  alterations  also  occur  within  the  nucleus  of  mammalian 
cells  after  stress.  We  and  others  have  observed:  i)  increases  in  the 
accumulation  of  perichromatin  granules,  a  result  perhaps  consistent  with 
the  observations  of  Yost  and  Lindquist  (1986)  demonstrating  an  inhibition 
of  hnRNA  processing  in  heat  treated  Drosophila  cells;  ii)  the  appearance 
of  rod-shaped  intranuclear  bodies  which  consist  of  finely  packed  and 
parallel  actio  microfilaments;  and  iii)  considerable  alterations  in  the 
integrity  of  the  nucleolus,  specifically  a  relaxation  in  their 
condensation  state  and  changes  in  both  the  number  and  size  of  the 
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Fig.  1.  Patterns  of  stress  protein  synthesis  in  five  different  mammalian 
cell  lines.  Hela,  baby  hamster  kidney  (BHK)  cells,  gerbil 
fibroma  (GFC)  cells,  Chinese  hamster  ovary  (CHO)  cells,  and 
rat-1  (RAT)  cells  were  pulse-labeled  with  [35s]-methionine  after 
a  5  hour  incubation  at  37°C  (lanes  1),  at  37°C  in  the  presence 
of  5mM  Azc,  an  amino  acid  analog  of  proline  (lanes  2)  or  at  42°C 
(lanes  3).  The  ceils  were  solubilized  and  the  labeled  proteins 
analyzed  on  a  10%  polyacrylamide  gel.  Shown  is  an 
autoradiograph  of  the  gel.  Molecular  mass  markers  are  indicated 
at  the  left  and  the  stress  proteins  indicated  at  the  right  (in 
descending  order:  110,  100,  90,  80,  73/72  kDa  proteins). 


pre-ribosomal  granular  components  (Welch  and  Suhan,  1985).  These  latter 
changes  in  the  structure  of  the  nucleolus  may  be  correlated  with  the 
observed  repression  of  ribosomal  RNA  synthesis  and  ribosomal  assembly 
following  heat  shock  (Rubin  and  Hognesa,  1975).  As  will  be  outlined 
below,  one  function  of  the  major  stress-induced  protein,  72kDa,  appears 
to  be  involved  in  the  repair  of  such  nucleolar  abnormalities  during 
recovery  from  heat  shock  treatment. 

The  Mammalian  Stress  Proteins 

In  Figure  1  is  presented  an  example  of  the  changes  which  occur  in 
protein  expression  following  induction  of  the  stress  response  in  five 
different  mammalian  cell  lines.  The  cells  were  metabolically  labeled 
with  (35s] -methionine  after  incubation  at  either  the  normal  temperature, 
37°C  (lanes  1);  exposure  to  the  amino  acid  analog  of  proline,  Azc  (lanes 
2);  or  after  a  2  hour,  42.5°C  heat  shock  treatment  (lanes  3).  All  of  the 
different  cell  lines  respond  in  a  similar  fashion  by  elevating  the 
synthesis  of  proteins  with  apparent  molecular  masses  of  72,  73,  80,  90, 
100,  and  110  kilodaltons  (kDa) .  In  addition,  in  some  of  the  cell  lines 
placed  under  stress,  synthesis  of  most  other  polypeptides  is  somewhat 
reduced.  Increased  synthesis  of  the  stress  proteins  continues  even  after 
the  particular  stress  agent  is  removed  with  the  extent  of  such  synthesis 
dependent  upon  the  stress  agent  itself,  its  amount,  and  the  particular 
cell  type  (Welch  and  Suhan,  1986).  In  general,  by  6-12  hours  following 
return  to  normal  growth  conditions,  the  cells  begin  to  regain  their 
normal  translation  patterns. 

The  proteins  synthesized  in  response  to  stress  are  more  clearly 
illustrated  when  analyzed  by  two-dimensional  gel  electrophoresis  (Figure 
2).  Here  rat  embryo  fibroblasts  or  human  Hela  cells  were  radiolabeled 
with  pHl-leucine  at  either  37°C  or  following  exposure  to  a  42.5°C,  2 
hour  heat  shock  treatment,  and  the  labeled  proteins  analyzed  by 
isoelectric  focusing  followed  by  SDS-gel  electrophoresis  on  a  15Z 
polyacrylamide  gel.  Such  analysis  reveals  that:  1)  all  of  the  major 
stress-induced  proteins  are  relatively  acidic  polypeptides  with 
isoelectric  points  between  pH  5. 0-7.0;  2)  most  all  of  the  stress  proteins 
are  synthesized  at  modest  to  even  high  levels  in  cells  incubated  at  the 
normal  37°C  growth  temperature;  and  3)  synthesis  of  some,  but  not  all, 
normal  cellular  proteins  is  decreased  in  those  cells  experiencing  stress. 
Along  with  the  higher  molecular  mass  proteins  indicated  in  Figure  1,  if 
can  be  seen  that  there  occurs  a  small,  28,000  dalton  stress  protein. 
28kDa  contains  few  methionine  residues  and  therefore  is  more  easily 
visualized  when  the  cells  are  metabolically  labeled  with  different 
pHl-amino  acids  (Kim  et  al.,  1984;  Welch,  1985). 

Analysis  of  the  stress  proteins  by  two-dimensional  gels  has  revealed 
an  interesting  and  perhaps  significant  difference  with  respect  to  the 
70k0a  stress  proteins  synthesized  in  human  cells  as  opposed  to  those 
synthesized  in  rodent  cells.  Both  species,  when  cultured  at  37°C, 
synthesize  rather  abundant  levels  of  the  73kDa  protein,  or  what  is 
referred  to  as  the  constitutive  or  cognate  member  of  the  70kDa  stress 
protein  family.  After  heat  shock  treatment,  there  occurs  an  increase  in 
73kDa  as  well  as  a  dramatic  induction  of  a  related  member,  the  72kDa 
stress  protein,  in  both  cell  types.  What  is  different,  however,  is  that 
this  highly  inducible  72kDa  species  is  also  constitutively  synthesized  in 
the  human  cells  incubated  at  37°C  while  in  rodent  cells  little  or  no 
72kDa  can  be  detected  at  the  normal  growth  temperature.  Moreover,  three 
other  points  have  emerged  concerning  this  unusual  constitutive  synthesis 
of  the  major  stress-induced  72kDa  protein  in  human  cells:  i)  its 
expression  appears  cell-cycle  regulated  with  such  expression  occurring  at 
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the  Gi/S  boundary  (Milarski  and  Morimoto,  Proc.  Natl.  Acad.  Sci.,  in 
press);  ii)  72kDa  expression  generally  appears  to  increase  in  human  cells 
following  transformation  (Welch,  submitted);  and  iii)  the  expression  of 
72kDa  increases  in  human  cells,  but  not  rodent  cells,  following 
transfection  (or  infection)  with  either  of  two  cooperating  oncogenes,  ElA 
or  mvc  (Nevins,  1982;  Kingston  et  al.,  1984). 

Owing  to  the  brevity  of  this  report,  1  have  compiled  a  table 
summarizing  much  of  what  we  know  concerning  the  structure  and  properties 
of  the  individual  mammalian  stress  proteins.  This  data,  presented  in 
Table  1,  consists  of  a  composite  of  studies  performed  in  our  and  many 
other  laboratories  and  represents  the  current  status  of  our  understanding 
of  the  biology  of  the  individual  stress  proteins.  Examining  each  stress 
protein: 


electrophoresis.  Rat  embryo  fibroblasts  (REF-52)  and  Hela  cells 
were  incubated  at  either  37oc  or  at  42.5°C  for  2  hours,  were 
labeled  with  [^Hj-leucine  and  the  labeled  proteins  analyzed  by 
isoelectric  focusing  (pH  5-7)  followed  by  SDS-gel 
electrophoresis  on  1 5Z  polyacrylamide  gels.  (Acidic  end  of  the 
gel  is  to  the  left.)  Panel  A,  37°C  REF  cells;  panel  B,  42°C  REF 
cells;  panel  C,  37°C  Hela  cells;  panel  D,  42°C  Hela  cells. 
Stress  proteins  designation:  a,  llOkDa;  b,  lOOkDa;  c,  90kDa;  d, 
80kDa;  e,  73kDa;  f,  isoforms  of  72kDa;  g,  isoforms  of  28kDa;  ac, 
act in. 
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28kDa.  Does  not  label  efficiently  with  [35s]-methionine  and 
therefore  is  most  commonly  detected  using  a  mixture  of  [^Hl-amino  acids. 
In  cells  grown  at  37°C,  synthesis  of  28kDa  is  quite  low  and  is  generally 
difficult  to  detect.  In  contrast,  the  protein  is  easily  visualized  in 
the  37°C  cell  following  labeling  with  [32p]-H3P04  (Kim  et  al.,  1983; 
Welch,  1985).  The  protein  consists  of  at  least  four  isoforms,  three  of 
which  contain  phosphate  (Welch,  1985).  More  interesting  is  the  fact  that 
28kDa  phosphorylation,  but  not  synthesis,  increases  dramatically  in  cells 
exposed  to  a  variety  of  different  mitogens  or  tumor  promoters  (Welch, 
1985).  Hence,  it  will  be  interesting  to  see  if  the  mammalian  28kDa,  like 
the  Drosophila  small  molecular  weight  heat  shock  proteins,  shows 
differential  expression  and/or  changes  in  phosphorylation  during  early 
development  and/or  differentiation  (Sirotkin  and  Davidson,  1982;  Cheney 
and  Shearn,  1983;  Ireland  and  Burger,  1982;  Zimmerman  et  al.,  1983). 
This  is  suggested  since  the  mammalian  28kDa  protein  exhibits  sequence 
homology  with  the  Drosophila  proteins  and  similarly  exhibits  an  unusually 
high  native  molecular  mass  (>.400,000  daltons)  (Arrigo  et  val.,  1985; 
Hickey  et  al.,  1986;  Arrigo  and  Welch,  submitted  to  J.  Biol.  Chem.  1986). 
To  date,  the  precise  intracellular  locale  of  mammalian  28kDa  has  not  been 
determined. 

90kDa .  The  mammalian  90kDa  stress  protein,  homologous  to  the 
Drosophila  83kDa  stress  protein,  is  a  very  abundant  protein  in  cells 
grown  under  normal  conditions  and  whose  synthesis  increases  approximately 
3-5  fold  after  induction  of  stress.  90kDa  is  heavily  phosphorylated  with 
there  being  at  least  12  isoforms,  half  of  which  appear  to  contain 
phosphate  (Welch  et  al.,  1983).  The  protein  has  been  purified  from  the 
cytosolic  fraction  of  cells,  exists  as  a  dimer  (and  perhaps  higher 
molecular  mass  forms),  and  co-purifies  with  a  small  amount  of  the  lOOkDa 
stress  protein  (Welch  and  Feramisco,  1982).  90kDa  has  also  been  shown  to 
interact  with  a  number  of  other  interesting  intracellular  proteins.  For 
example,  the  protein  displays  a  transient  interaction  with  a  number  of 
tyrosine  kinases  (see  review  by  Brugge,  1985).  Specifically,  newly 
synthesized  kinases,  such  as  pp60src,  associate  with  90kDa  and  another 
cellular  protein  of  50kDa.  While  present  in  this  complex,  the  src 
protein  shows  neither  tyrosine  kinase  activity  nor  phosphorylated 
tyrosine  residues.  As  the  complex  containing  pp608rc  reaches  its  final 
destination  at  the  plasma  membrane,  the  complex  dissociates  with  src 
being  deposited  at  the  inner  side  of  the  membrane  and  the  protein  now 
exhibiting  both  tyrosine  kinase  activity  and  autophosphorylated  tyrosine. 
In  a  somewhat  analogous  situation,  90kDa  is  found  associated  with  the  SS 
form  of  various  steroid  hormone  receptor  complexes  (Catelli  et  al.,  1985; 
Sanchez  et  al.,  1985).  Dpon  binding  of  the  steroid,  there  is  a 
conversion  of  the  receptor  to  the  biologically  active  4S  form  with  an 
accompanying  loss  of  the  90kDa  stress  protein.  These  studies,  then, 
point  toward  a  role  for  the  90kDa  stress  protein  in  regulating  the 
activity  of  other  biologically  important  macromolecules. 

llOkDa.  Of  all  of  the  members  of  the  stress  protein  family,  we  know 
the  least  regarding  the  properties  of  this  protein.  llOkDa  is  a 
constitutive ly  expressed  protein  whose  synthesis  increases  approximately 
five-fold  after  stress.  The  protein  is  present  within  the  nucleolus  in 
what  appears  to  be  the  fibrillar  region,  i.e.,  that  site  within  the 
nucleolus  involved  in  rRNA  transcription  (Subjeck  et  al.,  1983). 

80kDa  and  lOOkDa.  In  cells  placed  under  stress  by  exposure  to  the 
amino  acid  analog  of  proline,  Azc,  increased  synthesis  of  the  classical 
heat  shock  proteins  (28,  72,  73,  90,  and  llOkDa)  occurs  along  with  two 
other  proteins  designated  80kDa  and  lOOkDa.  Synthesis  of  these  latter 
two  proteins,  for  the  moBt  part,  does  not  increase  very  dramatically  in 


292 


293 


cells  placed  under  stress  by  other  agents  such  as  heat  shock  or  exposure 
to  heavy  metals.  Hence,  ve  classify  80kDa  and  lOOkDa  as  special  members 
of  the  stress  protein  family.  We  and  others  have  shown  that  80kDa  and 
lOOkDa  are  identical  to  the  previously  described  "glucose  regulated 
proteins"  (Hightower,  1980;  Welch  et  al.,  1983).  These  are  the  proteins 
whose  synthesis  increases  in  cells  grown  in  the  absence  of  extracellular 
glucose  or  calcium  (Shiu  et  al.,  1977;  Wu  et  al.,  1981).  Interestingly, 
these  latter  treatments,  while  resulting  in  an  increased  synthesis  of 
80kDa  and  lOOkDa,  also  cause  a  rather  significant  repression  in  the 
synthesis  of  the  90kDa  stress  protein  (Welch  et  al.,  1983). 

Both  80kDa  and  lOOkDa  are  relatively  abundant  proteins  in  cells 
grown  under  normal  conditions.  Both  contain  phosphate  and  in  the  case  of 
lOOkDa  also  carbohydrate.  Cell  fractionation  and  immunological  studies 
have  shown  80kDa  to  be  present  within  the  endoplasmic  reticulum  and 
lOOkDa  to  be  present  within  the  Golgi  and  perhaps  present  in  the  plasma 
membrane  (Welch  et  al.,  1983).  Similarly,  we  now  know  that  the  80kDa 
stress  protein  is  structurally  similar  to  the  70kDa  stress  protein 
family,  and  as  discussed  further  below,  80kDa  displays  ATP  binding 
properties  in  vitro  (Welch  and  Feramisco,  1985).  As  will  be  discussed 
later,  this  observed  relationship  of  the  glucose  regulated  proteins  with 
the  major  members  of  the  heat  shock  protein  family  indicates  that  the 
stress  proteins,  in  general,  are  a  structurally  related  family  of 
proteins  who  may  have  diverged  from  a  small  number  of  gene(s)  and  which 
serve  similar  functions  in  the  cell,  albeit  within  different  subcellular 
locales . 

72kDa  and  73kDa.  Of  all  of  the  stress  proteins,  we  know  the  most 
concerning  the  so-called  "70kDa"  stress  protein  members.  As  was 
mentioned  earlier,  there  appear  to  be  two  major  members  of  this  family: 
the  rather  abundant  73kDa  protein  whose  synthesis  is  readily  apparent  in 
all  cells  grown  under  normal  conditions.  Consequently,  73kDa  is  referred 
to  as  the  "cognate"  or  "constitutive"  70kDa  stress  protein.  In  contrast, 
the  second  member,  what  we  refer  to  as  72kDa,  is  not  obvious  in  most 
cells  grown  at  37°C.  Rather  synthesis  of  72kDa,  in  general,  occurs  only 
after  induction  of  the  stress  response  and  in  most  cases  represents  the 
major  translational  activity  of  the  stressed  cell.  An  exception  to  this 
rule  occurs  in  primate  cells,  as  was  discussed  earlier.  For  example,  in 
most  human  and  monkey  cells,  synthesis  of  72kDa  can  be  detected  in  the 
cells  grown  under  normal  conditions,  although  generally  at  much  lower 
levels  than  that  observed  for  73kDa.  Moreover,  it  appears  that  the 
levels  of  constitutive  expression  of  72kDa  may  be  influenced  by  the 
"transformation"  state  of  the  cells.  Specifically,  evidence  is 
accumulating  that  a  number  of  highly  transformed  human  cell  lines  (many 
established  from  isolated  human  tumors)  express  rather  high  levels  of 
72kDa  (Welch  and  Morimoto,  in  preparation).  In  concert  with  this 
observation  is  the  fact  that  certain  cooperating  oncogenes,  including  E1A 
and  mvc.  when  transfected  into  human  lines,  result  in  an  increased 
constitutive  expression  of  72kDa  (Kevins,  1982;  Kingston  et  al.,  1984). 
Indeed,  human  293  cells  (developed  many  years  ago  from  Adenovirus 
infected  Hela  cells)  express  high  levels  of  both  E1A  and  of  the  72kDa 
stress  protein. 

Immunological,  biochemical,  and  DNA  sequence  analysis  has 
demonstrated  that  while  the  72kDa  and  73kDa  proteins  are  related,  they 
are  in  fact  distinct  gene  products  (Hightower,  1980;  Welch  and  Feramisco, 
1982;  Hunt  and  Morimoto,  1985;  Lowe  and  Moran,  1986;  O'Malley  et  al., 
1985;  Voellmy  et  al.,  1985).  In  addition,  both  proteins  show  very 
similar  biochemical  properties  including  their  stoichiometric 
co-purification  during  either  gel  filtration  or  ion  exchange 
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chromatography  (Welch  and  Feramisco,  1982).  Finally,  both  proteins  are 
found  to  display  an  affinity  for  various  nucleotides,  with  the  highest 
affinity  being  observed  for  ATP  (Welch  and  Feramisco,  1985).  This 
property  of  the  proteins  provided  the  impetus  by  which  one  possible 
function  of  these  proteins  was  recently  described.  Specifically,  Jim 
Rothman's  laboratory  had  described  and  purified  a  70,000  dalton  protein 
from  bovine  brain  which,  .in  vitro,  facilitated  the  uncoating  or  release 
of  clathrin  triskelions  from  clathrin  coated  vesicles  in  an  ATP  dependent 
manner  (Schlossman  et  al.,  1984).  The  reported  properties  described  for 
this  uncoating  ATPase  appeared  very  similar  to  the  properties  we  had 
observed  for  the  human  70kDa  stress  protein  members.  Under  a 
collaborative  effort  using  biochemical  and  immunological  methods,  we 
demonstrated  that  the  bovine  uncoating  ATPase  was  indeed  similar,  if  not 
identical,  to  the  constitutively  abundant  73kDa  stress  protein  (Chappell 
et  al.,  1986).  Work  from  Ungewickel's  laboratory  (Ungewickel,  1985) 
served  to  corroborate  this  finding.  The  question  then  arises  as  to  why 
the  cell  would  require  increased  levels  of  a  protein  (e.g.,  73kDa)  whose 
function  is  involved  with  membrane  biogenesis  events  (i.e.,  the  shuttling 
of  membranes  via  clathrin  coated  vesicles).  A  possible  answer  to  this 
question  follows  from  observations  in  our  laboratory  demonstrating  that 
both  the  endoplasmic  reticulum  and  Golgi  complex  fragment  and 
vesicularize  following  severe  heat  shock  treatment  (Welch  and  Suhan, 
1985).  Hence,  to  rebuild  these  structures,  cells  recovering  from  heat 
shock  might  require  increased  amounts  of  a  protein  involved  in  the  repair 
and/or  rebuilding  of  these  intracellular  membranous  organelles.  Indeed, 
preliminary  studies  indicate  a  considerable  increase  in  the  amount  of 
clathrin  coated  vesicles  in  the  perinuclear  region  of  cells  recovering 
from  heat  shock  treatment  (Welch,  unpublished  observations).  Such  an 
increase  in  clathrin  staining  may  represent  the  reformation  of  the 
endoplasmic  reticulum  and  Golgi  in  the  recovering  cell. 

Considerable  efforts  in  our  laboratory  have  and  will  continue  to 
focus  on  the  biology  of  the  72kDa  stress  protein.  This  follows  from  the 
aforementioned  observations  that  72kDa:  i)  represents  the  most  highly 
induced  protein  in  cells  experiencing  physiological  stress;  ii)  appears 
highly  conserved,  amongst  different  organisms;  and  iii)  is  integral  in  the 
protection  of  the  cell  and  the  acquisition  of  thermotolerance  (discussed 
in  more  detail  below) .  Consequently  we  believe  that  the  key  to 
understanding  how  cells  defend  against  physiological  stress  will 
ultimately  lie  in  our  dissecting  the  function  of  72kDa. 

After  stress,  synthesis  of  72kDa  represents  the  major  translation 
product  of  the  cells.  72kDa  consists  of  multiple  related  members,  the 
exact  number  depending  upon  the  cell  type,  the  agent  used  to  induce  the 
response,  and  finally  the  severity  of  the  stress  treatment  (Welch  et  al., 
1983;  Buzin  and  Petersen,  1982;  Welch,  1985).  Biochemical  fractionation 
and  immunological  studies  have  shown  that  the  majority  of  72kDa  localizes 
within  the  nucleus  shortly  after  its  synthesis  (Welch  and  Feramisco, 
1984).  Here  the  protein  appears  present  within  the  nucleoplasm,  the 
nuclear  matrix,  and  large  amounts  within  the  nucleoli.  This  nucleolar 
deposition  of  the  protein  always  appears  correlated  with  marked 
alterations  in  the  integrity  of  the  nucleoli.  As  was  discussed  earlier, 
such  alterations  in  the  nucleoli  appear  to  coincide  with  a  diminishment 
of  nucleolar  function,  most  notably  the  shutdown  of  rRNA  synthesis  and 
ribosomal  assembly.  Using  immunoelectron  microscopy,  we  have  shown  that 
most  of  the  nucleolar  distributed  72kOa  is  present  within  the  so-called 
granular  region — that  area  of  the  nucleolus  involved  in  the  assembly  of 
small  ribonucleoproteins  and  pre-ribosomes.  As  the  nucleoli  slowly 
regain  their  normal  morphology  during  recovery  from  the  stress  treatment, 
there  occurs  a  corresponding  exit  of  72kDa  (Welch  and  Suhan,  1985). 
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During  the  later  periods  of  recovery  from  physiological  stress,  the 
majority  of  72kDa  begins  to  accumulate  within  the  cytoplasm.  Three 
distinct  cytoplasmic  locales  are  observed:  a  strong  perinuclear 

distribution;  a  portion  present  within  unusually  large  and  phase  dense 
structures;  and  finally  a  portion  present  directly  underneath  the  plasma 
membrane,  again  in  association  with  phase  dense  material.  Using  electron 
microscopy  and  double-label  indirect  immunofluorescence  analysis,  we  have 
found  that  much  of  the  cytoplasmic  72kDa  is  in  very  close  association 
with  ribosomes  and  polysomes  (Welch  and  Suhan,  1986)  (Figure  3).  This 
co-localization  of  72kDa  with  the  translational  machinery,  we  think,  is 
integral  to  the  functioning  of  the  protein  synthesis  during  and  after 
recovery  from  heat  shock  treatment  (discussed  further  below). 

A  Family  of  ATP  Binding  Proteins 

In  the  course  of  studies  examining  possible  biochemical  properties 
of  the  stress  proteins,  we  discovered  that  the  72kDa/73kDa  stress 
proteins  displayed  an  affinity  for  various  nucleotides  with  the  highest 
affinity  being  for  ATP.  This  property  was  then  exploited  to  develop  a 
rapid  two-step  purification  of  the  proteins  utilizing  ion  exchange 
chromatography  followed  by  affinity  chromatography  on  agarose  columns 
containing  covalently  linked  ATP  (Welch  and  Feramisco,  1985).  Using  the 
cytosolic  fraction  from  Hela  spinner  cells  (e.g.,  12,000xg  supernatant 
from  hypotonically  lysed  cells),  it  is  possible  to  purify  3-5mg  of  these 
proteins  from  approximately  20-30  liters  of  cells  using  this  procedure. 

Because  a  significant  fraction  of  both  72kDa  and  73kDa  is  also 
present  in  the  particulate  fraction  (12,000xg  pellet  from  hypotonical ly 
lysed  cells),  we  also  examined  whether  one  could  purify  the  proteins 
using  ATP-agarose  affinity  chromatography.  The  proteins  in  the 
particulate  fraction  were  extracted  with  nonionic  detergent  and  the 
proteins  then  applied  and  eluted  from  a  DEAE-52  ion  exchange 
chromatography.  The  peak  fractions  containing  72kDa/73kDa  were  then 
applied  to  and  eluted  off  the  ATP-agarose  column.  In  addition  to  the 
72kDa/73kDa  proteins,  we  were  somewhat  surprised  to  find  two  other 
proteins  which  co-purified  with  the  72kDa/73kDa  proteins.  One  of  these 
proteins  has  an  approximate  apparent  molecular  mass  of  75kDa  and  the 
other  80kDa.  Using  biochemical  and  immunological  methods,  we  have 
determined  that  both  of  these  proteins  are  in  fact  related  to  the 
72kDa/73kDa  stress  proteins.  Moreover,  we  have  determined  that  the  80kDa 
ATP  binding  protein  is  identical  to  the  above-described  80kDa  glucose 
regulated  protein,  a  member  of  the  stress  protein  family  (Welch  and 
Feramisco,  1985).  The  75kDa  ATP  binding  protein  does  not  appear  to  be  a 

Fig.  3.  Colocalization  of  the  72kDa  stress  protein  with  ribosomes  in 
cells  recovering  from  physiological  stress.  REF-52  cells 
growing  on  glass  covers  lips  were  placed  under  stress  by  heat 
shock  treatment  (42.5°C  for  3  hours),  exposure  to  Azc  (5mM  for 
10  hours),  or  exposure  to  sodium  arsenite  (80uM  for  1.5  hours). 
The  cells  were  then  returned  to  normal  culture  conditions  for 
either  4  hours  (heat  shock)  or  8  hours  (Azc  and  arsenite)  at 
which  time  the  cells  were  fixed  and  permeabilized.  The  cells 
were  then  incubated  with  a  mixture  of  the  mouse  monoclonal 
anti-72kDa  serum  and  the  human  autoimmune  anti-ribosomal 
antibody.  The  primary  antibodies  were  visualized  with  a  mixture 
of  rhodamine-conjugated  goat  anti-mouse  and  fluorescein- 
conjugated  rabbit  anti-human  antibodies.  A,  D,  and  G  are  phase 
contrast  micrographs;  B,  E,  and  H  show  the  anti-72kDa  staining; 
C,  F,  and  I  show  the  anti-ribosomal  staining.  (A-C)  Cells  heat 
shock  treated  and  recovered  for  4  hours.  (D-F)  Cells  treated 
with  Azc  and  recovered  for  8  hours.  (G-I)  Cells  treated  with 
sodium  arsenite  and  recovered  for  8  hours.  Bar,  20um. 
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major  member  of  the  stress  protein  family.  We  do  not  observe  any 
increases  in  its  synthesis  following  heat  shock  or  other  forms  of 
physiological  stress.  Preliminary  studies,  utilizing  subcellular 
fractionation  techniques,  indicate  that  75kPa  is  present  within  the 
mitochondria  (Welch,  unpublished  results). 

These  studies,  in  sum,  then  indicate  that  a  number  of  proteins  whose 
synthesis  increases  in  response  to  stress  (e.g.,  72kPa,  73kDa,  and  80kDa) 
are  structurally  related  proteins  who  also  share  a  common  property  of 
binding  ATP  j^n  vitro  (summarized  in  Table  2).  Moreover,  each  of  these 
proteins  appear  to  reside  in  different  compartments  within  the  cell. 
Specifically,  73kDa  appears  to  reside  primarily  within  the  cytoplasm; 
72kDa  within  the  nucleus,  nucleolus  and  cytoplasm  (a  portion  in 
association  with  ribosomes  as  discussed  above);  and  the  80kDa  protein 
present  exclusively  in  the  endoplasmic  reticulum.  In  the  case  of  the 
non-stress-induced,  ATP  binding  75kDa  protein,  we  find  it  present  within 
the  mitochondria.  Hence  the  cell  appears  to  produce  a  family  of  related 
ATP  binding  proteins,  all  with  different  intracellular  locales,  and  which 
appear  to  function  in  the  response  of  cells  to  environmental  stress. 


Possible  Function  of  the  Stress  Proteins 

Having  described  the  properties,  location  in  the  cell,  and 
biochemical  interrelationships  of  the  stress  proteins,  the  obvious 
question  arises  as  to  what  function  these  proteins  serve  in  the  cell. 
Because  most  of  what  we  know  concerns  the  70kDa  family,  let  us  focus 
first  on  their  possible  biological  role.  Most  workers  in  the  field  have 
begun  to  lean  toward  the  idea  that  the  70kDa  stress  proteins  serve  a 
rather  promiscuous  function  involved  with  the  assembly/disassembly  of 
proteins  and/or  protein-containing  macromolecular  complexes.  More 
specifically,  the  70kDa  stress  proteins  appear  to  function  in  the  repair 
of  denatured  proteins  and/or  prevent  further  denaturation  events. 
Although  there  is  no  definitive  data  to  prove  this  hypothesis,  there  does 
exist  considerable  corroborative  data.  First,  it  must  be  remembered  that 
the  only  obvious  common  denominator  amongst  the  various  agents  of  the 
stress  response  is  their  ability  to  perturb  protein  structure  (e.g., 
heat,  amino  acid  analogs,  heavy  metals  which  bind  free  sulfhydryls,  etc.) 
(see  Ashburner  and  Bonner,  1979;  Thomas  et  al.,  1982).  Hence,  when 


Table  2.  A  Family  of  Immunological ly  Related  Stress  Proteins 

Which  Bind  ATP 

1)  73kDa :  Abundant,  constitutive  protein  whose  synthesis  increases 
modestly  after  stress;  present  in  cytoplasm  and  nucleus;  homology  to 
clathrin  coated  vesicle  uncoating  ATPase. 

2)  7 2kDa :  Present  in  low  or  negligible  levels  in  cells  grown  at  37°C; 
most  highly  induced  protein  after  stress;  highly  related  to  73kRa; 
co-localization  with  pre-ribosomes /RNP's  in  nucleolus  and  with 
cytoplasmic  ribosomes;  binds  fatty  acids. 

3)  80kDa :  Abundant  constitutive  protein  whose  synthesis  increases 
modestly  after  stress;  increased  synthesis  following  glucose,  calcium  or 
O2  deprivation;  present  in  endoplasmic  reticulum;  homology  with 
immunoglobulin  heavy  chain  binding  protein. 

4)  7 5kPa :  Constitutive  protein  whose  synthesis  remains  the  same  or 
decreased  after  stress;  increased  synthesis  following  glucose/calcium 
deprivation;  present  in  mitochondria. 
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thinking  about  the  function  of  the  stress  proteins,  one  must  always  keep 
in  mind  that  a  major  problem  of  the  stressed  cell  is  to  somehow  cope  with 
an  accumulation  of  polypeptides  which  may  become  denatured  and/or 
aggregated.  Along  these  lines  then,  it  is  of  considerable  interest  that 
in  the  case  of  the  70kDa  stress  proteins  one  finds  these  proteins 
accumulating  to  rather  high  levels  and  localized  throughout  the  stressed 
cell.  Consequently,  I  would  argue  that  the  proteins  are  not  "classical" 
enzymes  with  high  catalytic  activity  but  rather  have  a  somewhat  more 
promiscuous  or  mass  action  role  in  the  stressed  cell.  Considering  these 
two  points  in  sum,  most  workers  in  the  field  would  argue  that  the  70kDa 
stress  proteins  serve  a  general  role  in  the  assembly/disassembly  of 
proteins  or  proteins  containing  macromolecular  complexes  whose  structure 
has  been  perturbed  by  the  stress  treatment.  Moreover,  the  presumed 
ability  of  the  proteins  to  bind  and  hydrolyze  ATP  (mentioned  above)  may 
prove  integral  to  the  function  of  the  70kDa  proteins  in  either  refolding 
proteins  after  partial  denaturation  and/or  protecting  proteins  from 
further  denaturation. 

Two  recent  lines  of  evidence  point  toward  a  role  for  the  70kDa 
stress  proteins  in  protecting  and/or  restoring  the  function  of  protein- 
containing  macromolecular  complexes.  First,  Petersen  and  Mitchell  (1981) 
have  demonstrated  that  translation  is  sharply  curtailed  in  Drosophila 
larvae  given  a  rather  severe  heat  shock  treatment.  If,  however,  the 
cells  are  first  given  a  mild  heat  shock  treatment,  allowed  to  recover  at 
the  normal  growth  temperature  and  then  subsequently  given  the  more  severe 
heat  shock  challenge,  the  cells  now  display  a  marked  increased  ability  to 
translate  protein.  That  is,  similar  to  increased  survivability,  cells 
made  thermotolerant  (e.g.,  mild  heat  shock,  recovery,  and  a  second  more 
severe  heat  shock),  also  display  tolerance  with  respect  to  their 
translational  capacity.  How  might  the  translational  machinery  acquire 
such  tolerance?  I  suggest  that  one  or  more  of  the  stress  proteins,  made 
during  the  initial  heat  shock  treatment,  becomes  associated  with  the 
translational  machinery  during  the  recovery  period  and  upon  the 
subsequent  heat  shock  challenge  now  results  in  protection  of  the 
translational  machinery.  Indeed  we  have  now  observed  that  the  major 
str ess-induced  72kDa  protein  does  show  a  co-localization  with  cytoplasmic 
riboaones  in  rat  embryo  fibroblasts  recovering  from  heat  shock  treatment 
(Welch  and  Suhan,  1986).  Moreover,  we  find  that  maximal  translation  in 
these  recovering  cells  correlates  with  maximal  co-localization  of  72kDa 
with  the  cytoplasmic  ribosomes.  Finally,  we  find  that  we  can  also  make 
rat  embryo  fibroblasts  translationally  thermotolerant  by  prior  incubation 
of  the  cells  under  mild  heat  shock  conditions  and  that  such  tolerance  is 
maximal  only  when  the  cells  have  finished  synthesizing  the  72kDa  stress 
protein  (Mizzen  and  Welch,  manuscript  submitted).  Similarly,  tolerance 
can  be  achieved  by  other  agents,  such  as  sodium  arsenite,  which  also 
elicit  production  of  the  heat  shock  proteins.  Finally,  we  observe  no 
tolerance  if  we  elicit  production  of  the  heat  shock  proteins  with  amino 
acid  analogs.  However,  the  lack  of  tolerance  appears  to  be  due  to  the 
fact  that  the  analogs,  while  resulting  in  an  elevation  of  72kDa,  render 
the  protein  "nonfunctional"  as  assayed  by  its  failure  to  localize  within 
the  nucleolus  and/or  co-localize  with  the  cytoplasmic  ribosomes.  In 
summary  then,  we  think  it  highly  plausible  that  72kDa,  by  virtue  of  its 
association  with  the  translation  machinery,  serves  to  protect  the  ability 
of  the  machinery  to  translate  proteins  even  under  conditions  (e.g., 
severe  heat  shock)  which  normally  result  in  translational  inhibition. 

As  was  stated  above,  I  think  that  72kDa  serves  a  rather  general  role 
in  the  stabilization  of  macromolecular  complexes,  not  just  the 
translation  machinery.  Consistent  with  this  idea  is  the  recent  results 
of  Yost  and  Lindquist  (1986)  who  have  shown  that  a  brief  but  severe  heat 
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shock  treatment  in  Drosophila  cells  results  in  a  diminishmeut  of  hnRNA 
processing.  However,  a  mild  heat  shock  treatment  followed  by  a  recovery 
period  before  the  more  severe  treatment  rescues  the  ability  of  the  cells 
to  C'  erectly  process  new  mRNA  transcripts.  Hence,  similar  to  the  rescue 
o'  translation,  the  thermotolerant  cell  has  now  also  regained  the  ability 
to  process  hnRNA. 

The  last  piece  of  evidence  consistent  with  the  idea  of  the  stress 
proteins  being  involved  with  the  recognition  and/or  stabilisation  of 
altered  proteins  concerns  the  80kDa  glucose  regulated  stress  protein.  As 
was  discussed  earlier,  SOkDa  shows  sequence  homology  and  immunological 
cross-reactivity  with  the  70kDa  stress  protein  family  and  like  the  70kDa 
proteins  binds  ATP  in  vitro .  However,  unlike  70kDa,  80kDa  is  a 
compartmentalized  protein  present  within  the  endoplasmic  reticulum  (Welch 
et  al.,  1983;  Welch,  in  preparation).  A  clue  to  the  function  of  SOkDa 
has  come  from  studies  demonstrating  its  homology  to  a  previously 
described  polypeptide  termed  the  BiP  protein  (Munro  and  Pelham,  1986). 
This  protein  was  first  shown  to  show  a  tight  association  with 
immunoglobulin  heavy  chains  in  various  myeloma  cells  (Morrison  and 
Scharff,  1975;  Haas  and  Wabl,  1983;  Bole  et  al.,  1986).  Here  it  was 
found  that  in  the  absence  of  light  chains,  the  heavy  chains  of  the  IgG 
were  not  transported  into  the  Golgi  but  rather  remained  and  accumulated 
within  the  endoplasmic  reticulum  in  association  with  BiP.  BiP  has  now 
been  observed  in  a  wide  variety  of  different  mammalian  cells  and  has  been 
shown  to  bind  to  a  number  of  different  mutated  nascent  secretory  and/or 
transmembrane  proteins  which  for  one  reason  or  another  are  not 
transported  out  of  the  endoplasmic  reticulum.  Pelham's  laboratory  has 
found  that  BiP  (equivalent  to  the  80kDa  stress  protein)  can  be  released 
from  the  heavy  chains  by  incubation  with  ATP  but  not  nonhydrolyzable  ATP 
analogues  (Munro  and  Pelham,  1986.  This  then  is  reminiscent  of  the 
previously  described  situation  in  which  the  72kDa  stress  protein  can  be 
released  from  isolated  nuclei/ nucleoli  by  addition  of  ATP  (Lewis  and 
Pelham,  1985). 


SUMMARY 

The  response  of  mammalian  cells  to  abrupt  changes  in  their  local 
environment  entails  a  series  of  coordinated  transcription  and  translation 
events  leading  to  the  accumulation  of  a  group  of  proteins,  the  stress 
proteins.  As  evidenced  by  the  high  similarities  in  the  structure  of  the 
stress  proteins  amongst  different  organisms,  the  stress  response  appears 
to  be  a  well-conserved,  pre-planned  strategy  by  which  cells  protect 
themselves  against  changes  in  their  environmental  circumstance.  In 
addition  to  their  presumed  protective  role,  most  of  the  stress  proteins 
are  expressed  at  significant  levels  in  cells  grown  under  normal 
conditions  and  participate  in  a  number  of  biological  phenomenon 
apparently  distinct  from  their  role  during  stress.  For  example,  we  have 
described  here  the  role  of  some  of  the  stress  proteins  in  clathrin  coated 
vesicle  assembly/disassembly,  tyrosine  kinase  and  steroid  hormone 
receptor  function,  and  cell  proliferation.  In  this  regard  it  seems 
likely  that  we  have  only  touched  the  surface  regarding  the  many  different 
biological  processes  which  occur  normally  in  cells  and  which  involve  the 
participation  of  the  individual  stress  proteins. 

Of  particular  importance,  as  well,  is  to  understand  the  role  of  the 
stress  proteins,  both  individually  and  collectively,  in  protecting  the 
cell  during  and  after  recovery  from  physiological  stress.  A  breakthrough 
in  this  endeavor  has  come  from  the  recent  observation  demonstrating  the 
structural  and  biochemical  similarities  of  many  of  the  stress  proteins 


and  notably  their  ability  to  bind  ATP.  In  this  regard,  I  have  described 
the  immunological  and  biochemical  similarities  of  the  70kDa  heat  shock 
proteins  with  that  of  the  80kDa  glucose  regulated  protein  and  suggest 
that  this  family  of  proteins  serves  basically  similar  functions  but 
within  different  intracellular  compartments:  the  70kDa  proteins  being 
cytosolic  and  nuclear  and  80kDa  being  present  within  the  endoplasmic 
reticulum.  That  a  general  rule  is  emerging  here  comes  from  the  recent 
observation  of  Sorger  and  Pelham  (in  press)  describing  a  significant 
sequence  homology  of  the  90kDa  heat  shock  protein  with  that  of  the  other 
glucose-regulated  protein,  lOOkDa.  Here  again,  however,  the  proteins  are 
distributed  differently:  90kDa  is  a  soluble  cytoplasmic  protein  and 
lOOkDa  is  present  within  the  Golgi  and  perhaps  the  plasma  membrane  (Welch 
et  al.,  1984).  Might  all  of  the  stress  proteins  have  evolved  from  only  a 
few  genes  with  selection  having  resulted  in  different 
compartmentalization  of  the  stress  proteins? 

Finally,  a  picture  is  slowly  emerging  concerning  the  role  of  the 
major  stress  induced  72kDa  protein  (and  perhaps  the  related  73kDa  and 
80kDa  proteins)  in  protecting  macromolecular  complexes  such  as  the 
transcription  and  translation  machinery.  This  idea  seems  rather  common 
sensical  owing  to  the  fact  that  most  all  of  the  stress  inducing  agents 
are  rather  potent  protein  denaturants.  With  the  availability  of  the 
purified  proteins  (and  corresponding  antibodies),  this  idea  seems  readily 
amenable  to  experimental  confirmation.  In  the  next  few  years  I  feel 
confident  that  we  will  experience  a  rapid  and  successful  furthering  of 
our  understanding  of  how  such  protection  may  occur  at  both  the 
biochemical  and  cellular  levels. 
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ABSTRACT 

In  aqueous  solution  at  low  concentrations,  the  neutral  polymers 
dextran  and  poly (ethylene  glycol)  (PEG)  rapidly  form  a  two-phase  system 
consisting  of  a  PEG-rich  phase  floating  on  top  of  a  dextran-rich  phase. 
Biological  particles  and  macromolecules  tend  to  partition  differentially 
between  the  phases  and  the  liquid -liquid  phase  interface  in  these 
systems.  Bioparticle  partitioning  has  been  shown  to  be  related  to 
physiologically  important  surface  properties  such  as  membrane  charge  or 
lipid  composition. 

Affinity  partitioning  into  the  PEG-rich  phase  can  be  accomplished  by 
coupling  PEG  to  a  ligand  having  affinity  for  specific  cells  or 
macromolecules.  Subpopulations  can  be  identified  or  separated  using 
multi-step  countercurrent  distribution  (CCD). 

Incomplete  understanding  of  the  influence  of  gravity  on  the 
efficiency  and  quality  of  the  impressive  separations  achievable  by 
partitioning,  and  appreciation  for  the  versatility  of  this  efficient 
technique,  have  led  to  its  study  for  low-gravity  biomaterials  processing. 
On  Earth,  two-phase  systems  rapidly  demix  because  of  density  differences 
between  the  phases.  In  low-gravity,  demixing  has  been  shown  to  occur 
primarily  by  coalescence.  Polymer  surface  coatings,  developed  to  control 
localization  of  demixed  phases  in  low-g,  have  been  found  to  control 
electroosmosis  which  adversely  affects  electrophoretic  separation 
processes  on  Earth  and  in  space.  In  addition  PEG-derivatized  antibodies 
have  been  synthesized  for  use  in  immunoaffinity  cell  partitioning. 


Correspondence:  James  M.  Van  Alstine  at  the  above  address. 
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INTRODUCTION  TO  POLYMER  PHASE  SYSTEMS 


When  polymers  such  as  the  poly(glucose)  dextran  and  poly (ethylene 
glycolHPEG)  are  mixed  in  low  concentrations  (i.e.,  approx.  5%  w/w)  in 
water  they  typically  form  a  two-phase  system  consisting  of  a  PEG-rich 
phase  floating  on  top  of  a  dextran-rich  phase  (Fig.  1).  On  Earth  an 
emulsion  formed  by  mixing  the  phases  rapidly  demixes,  primarily  because  of 
phase  density  differences.  Aqueous  polymer  two-phase  systems  can  be 
rendered  physiological  by  adding  salts  or  other  low  molecular  weight 
solutes,  and  have  proven  to  be  very  useful  for  preparative  and  analytical 
separation  of  a  wide  range  of  biological  particles  and  macromolecules  (for 
reviews  see  Albertsson,  1986;  and  Walter,  Brooks,  and  Fisher,  1985).  This 
is  possible  since  biological  materials  tend  to  partition  differentially, 
in  a  stochastic  manner,  between  both  phases  and  the  liquid-liquid  phase 
interface. 


Fig.  1.  Hydrophobic  affinity  partition  of  human  erythrocytes 
in  an  NaCl -enriched  two-phase  system  containing  the 
indicated  micromolar  amounts  of  PEG  6000-18:2  linoleate 
fatty  acid  ester. 

A  typical  single-step  partition  is  illustrated  in  Figure  2.  The 
phase  system  is  allowed  to  demix  in  a  separatory  funnel.  The  phases, 
which  are  in  equilibrium,  are  separated  and  recombined  in  equal  volumes  in 
a  test  tube.  Cells  or  macromolecules  are  added  to  the  system,  frequently 
dissolved  or  suspended  in  the  sample  of  PEG-rich  phase.  The  system  is 
emulsified  by  gentle  agitation  and  allowed  to  demix  until  a  definite 
planar  interface  is  formed.  The  PEG-rich  phase  is  sampled,  and  the 
partition  is  expressed  as  the  percentage  of  added  material  partitioning 
back  into  the  upper  phase,  or  in  terms  of  a  partition  coefficient  K  which 
reflects  the  ratio  of  material  in  the  two  phases.  In  the  case  of 
particles,  which  typically  partition  between  one  phase  and  the  interface 
(Fig.  1),  K  is  taken  to  be  the  ratio  of  cells  in  one  phase  compared  to 
cells  not  in  that  phase. 

Certain  ions  (i.e.,  phosphate  and  sulfate)  tend  to  partition 
asymmetrically  between  the  phases  creating  electrostatic  millivolt  bulk- 
phase  potentials,  while  other  ions  (e.g.,  sodium  and  chloride)  show  little 
preference  for  either  phase  (Brooks  et  al.,  1984b;  Reitherman  et  al.,  1973; 
Walter  et  al.,  1976a).  In  systems  possessing  electrostatic  potentials, 
cell  partition  into  the  PEG-rich  phase  appears  to  be  related  to  particle 
surface  charge,  detected  electrophoretically  (Albertsson,  1986;  Brooks  et 
al.,  1971;  Walter  et  al.,  1973;  Walter  et  al.,  1976).  Similarly,  protein 
partition  has  been  shown  to  be  related  directly  to  protein  isoelectric  pH 
(Albertsson,  1970;  Albertsson,  1986;  Walter  et  al.,  1972). 
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Fig.  2.  Typical  single  chamber  partition  procedure  illustrated 
for  cells. 


Cell-polymer  interactions  (i.e.,  PEG  and  dextran  adsorption)  are  also 
important  partition  determinants  and  appear  to  be  influenced  by  non- 
charge-related  cell  surface  properties.  For  instance,  the  differential 
partition  of  various  mammalian  erythrocytes  in  two-pha3e  systems 
containing  predominantly  NaCl  has  been  correlated  with  the  degree  of 
membrane  lipid  unsaturation  and/or  phospholipid  head  group  structure 
(Eriksson  and  Albertsson,  1978;  Walter  et  al.,  1976a;  1976b).  Other 
membrane  properties  affect  partition,  which  in  a  number  of  two-phase 
systems  has  been  shown  to  vary  with  cell  surface  carbohydrate  (Kessel  et 
al.,  1983;  Van  Alstine  et  al.,  1986b,  1986c;  Walter,  1985;  Walter  et  al., 
1976a,  1976b,  1986). 

Polymer-particle  surface  interaction  can  be  increased  by  covalently 
coupling  affinity  ligands  onto  one  of  the  polymers,  typically  PEG 
(Flanagan  et  al.,  1976;  Flanagan,  1984;  Harris,  1986).  PEG-fatty  acid 
esters  hydrophobically  adsorb  to  particle  surfaces  or  interact  with 
macromolecules,  and  at  low  concentration  dramatically  increase  partition 
into  the  PEG-rich  phase  (Fig.  1).  Hydrophobic  affinity  partition  has  been 
shown  to  be  sensitive  to  surface  differences  among  a  wide  range  of 
bioparticles  (3ee  below)  (Eriksson  and  Albertsson,  1978;  Eriksson  et  al., 
1976;  Kihlstrom  and  Magnusson,  1980;  Van  Alstine  and  Brooks,  1984;  Van 
Alstine  et  al.,  1986a,  1986b,  1986c;  Walter  et  al.,  1976b).  PEG-fatty  acid 
esters  and  other  PEG  associated  affinity  ligands  (e.g.,  Cibacron  dyes) 
have  also  been  used  to  partition  specific  proteins,  enzymes  and  nucleic 
acids  (Flanagan,  1984;  Kopperschlager  et  al.,,  1983;  Matiasson,  1984; 

Muller,  1985;  Muller  and  Kutemeier,  1983;  Shanbhag  and  Johansson,  1974). 

Multi-step  sequential  partitions  can  be  performed  using  thin-layer 
countercurrent  distribution  (CCD)  (Figure  3).  The  shallow  chamber  depth 
allows  rapid  phase  demixing  so  that  many  partitions  can  be  performed  in  a 
few  hours  (Albertsson,  1986;  Van  Alstine  et  al.,  1985).  CCD  provides 
increased  resolution  of  partition  differences  and  indicates  the  degree  of 
heterogeneity  present  in  the  sample,  in  direct  analogy  to  the  behavior  of 
molecular  mixtures  subjected  to  column  chromatography  (Brooks  et  al.. 
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Fig.  3.  Thin-layer  countercurrent  distribution  (CCD).  The 
phases  are  mixed,  allowed  to  demix  and  material 
partitioned  between  both  phases  is  separated  by 
transferring  the  upper  cavity  onto  a  new  lower  cavity. 

The  process  is  then  repeated. 

1971;  Walter,  1985;  Walter  et  al.,  1976a,  1976b,  1976c.).  For  example, 
Figure  4  (taken  from  Van  Alstine  et  al. ,  1985)  depicts  the  separation  of 
an  equal  mixture  of  human  and  mouse  erythrocytes  over  thirty  transfer 
steps  in  a  phosphate-containing  system.  The  separation  required 
approximately  four  hours  and,  despite  the  large  number  of  cells  processed, 
the  CCD  profiles  obtained  closely  resemble  their  theoretical  (binomial) 
counterparts. 


Fig.  4.  Thirty  transfer  CCD  of  an  equal  mixture  of  2.7  x  10® 
human  (0)  and  mouse  (0)  erythrocytes  (see  text); 
observed  ( - )  and  predicted  ( - )  distributions. 

Hydrophobic-affinity  CCD  of  a  single  culture  sample  of  B16-F10  mouse 
melanoma  cells  is  shown  in  Figure  5  (Van  Alstine  et  al.,  1986b).  In 
comparison  with  the  B16-F1  parental  line,  cells  from  this  subline,  exhibit 
high  lung-colonizing  (metastatic)  capability  when  injected  intravenously 
into  mice  (Fidler,  1973;  Poste  et  al.,  1981).  Comparison  of  the  CCD 
profiles  in  Figure  4  and  5  indicates  considerable  cell  surface  F10  sample 
heterogeneity  which  has  been  shown  to  be  related  to  1 25I-iododeoxyuridine 
('  i-UdR)  specific  activity  and  hence  DNA  synthesis.  FI  cells  also 
exhibit  a  wide,  symmetric  distribution  peak  (not  shown)  centered  at  cavity 
32.  The  I-UdR  specific  cell  activity  of  FI  cells  subjected  to  CCD 
mimicked  that  of  the  F10  distribution,  although  maximal  FI  specific 
activity  reached  only  40  cpm  per  cell.  These  results,  in  keeping  with 
those  of  other  investigators  (Kessel  et  al. ,  1982;  Miner  et  al. ,  1981) 
suggest  a  relationship  between  cell  metastatic  capability  and  surface 
properties  reflected  by  partition.  They  also  indicate  the  ability  of  CCD 
to  isolate  subpopulations  of  cells. 
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Fig.  5.  Countercurrent  distribution  of  B16-F10  (*)  mouse 
melanoma  cell  sample  exhibiting  high  metastatic 
capability,  and  the  ^  I-UdR  specific  activity 
(O)  of  cells  along  the  distribution.  Buffered  saline 
system  containing  1  ym  PEG  8000-18:2  linoleate  ester. 

Many  interesting  and  useful  partitions  involving  cells,  bacteria, 
viruses,  cell  particles,  and  liposomes  have  been  carried  out.  Cells  have 
been  separated  according  to  type,  age,  developmental  stage,  and  response 
to  surface  modifying  agents  (Albert3son,  1986;  Brooks  et  al.,  1971; 
Eriksson  and  Albertsson,  1978;  Eriksson  et  al.,  1976;  Van  Alstine  and 
Brooks,  1984;  Van  Alstine  et  al.,  1986b,  1986c;  Walter  et  al. ,  1976a; 
1976b;  Walter,  Fisher,  and  Brooks,  1985).  Lymphocytes  have  been  separated 
into  subpopulations  (i.e.,  B,T,N  and  NK  as  evaluated  by  rosetting 
techniques)  (Malstrom  et  al.,  1978,  1980;  Michalski  et  al. ,  1983;  Walter 
et  al.,  1979;  1980).  Human  peripheral  blood  monocytes  have  been  separated 
into  fractions  differing  in  their  phagocytic  activity  (Walter  et  al. , 
1980). 

Given  the  above  it  is  not  surprising  that  many  types  of  proteins, 
including  isozymes,  have  been  differentially  partitioned.  The  separation 
of  DNA  and  RNA  molecules  of  different  base  pair  composition,  molecular 
weight,  origin  and  helicity  has  also  been  accomplished  (Albertsson,  1965, 
1970,  1986;  Muller  and  Kutemeier,  1982;  Muller,  1985;  Pettijohn,  1967; 
Walter  et  al.,  1972). 

Partitioning  is  very  gentle,  due  in  part  to  the  ease  with  which  the 
phases,  whose  interfacial  tensions  are  very  low  (i.e.,  1  to  20  yN/m, 
Bamberger  et  al.,  1984),  can  be  mixed.  Cells  can  be  cultured  in  a  normal 
fashion  following  CCD.  Cancer  cells  retain  their  ability  to  live  in  a 
host  and  to  metastasize  (Miner  et  al.,  1981;  Van  Alstine  et  al.,  1986b). 
Reticulocytes  isolated  via  CCD  mature  normally  when  injected  into 
autologous  hosts  (Walter  et  al.,  1971).  Macromolecules  retain  their 
native  structure  and  function  (Albertsson,  1986;  Johansson,  1985).  In 
addition  to  being  powerful,  versatile,  and  sensitive  to  physiologically 
important  macromolecular  and  particle  surface  properties,  partitioning  is 
also  relatively  inexpensive  and  easily  scaled  up.  As  a  result  the 
technique  enjoys  growing  interest  for  both  biotechnical  and  biomedical 
applications  (Albertsson,  1986;  Brooks,  1983;  Brooks  et  al.,  1986;  Hustedt 
et  al.,  1985;  Kula  et  al.,  1982;  Matiasson,  1983). 
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The  strength  of  partitioning  is  that  system  properties  which 
determine  K  (e.g.,  interfacial  tension,  electrostatic  interfacial 
potential,  polymer  type  and  concentration,  affinity  ligand  type  and 
concentration)  are  largely  under  experimental  control.  The  effectiveness 
of  partition  is  due  to  the  fact  that  the  partition  coefficient,  K,  has 
been  shown  to  depend  exponentially  on  the  relevant  system  as  well  as 
macromolecular  or  cell  surface  properties. 

From  a  thermodynamic  standpoint  one  would  predict  the  above 
observations  given  that  (for  a  full  discussion  see  Albertsson,  1986; 
Brooks  et  al.,  1984a,  Brooks  et  al.,  1985;  Sharp  et  al.,  1987); 


where:  K  =  partition  coefficient 
a  =  proportionality  sign 
AG  =  interfacial  free  energy 
k  =  Boltzman's  constant 
T  =  temperature,  K 

A  =  particle  surface  area  or,  for  molecules,  macromolecular  area 
(which  is  proportional  to  MW) 

Ay  =  net  interfacial  free  energy  per  unit  area  in  the  two  phases 

In  the  case  of  particles,  interfacial  tension  (y^)  between  the  two 
liquid  phases  (which  increases  dramatically  with  slight  increases  in 
polymer  concentration  (Bamberger  et  al.,  1984))  is  an  important  partition 
determinant.  This  is  because  particle  adsorption  at  the  interface  lowers 
the  free  energy  of  the  system  by  an  amount  proportional  to  the  area 
occupied,  times  the  interfacial  tension.  Hence,  the  larger  the  particle, 
or  the  higher  the  interfacial  tension,  the  greater  the  expected  particle 
interfacial  localization.  Consideration  of  this  factor  and  the  role  of 
particle  surface  charge  and  system  phase  potential  in  determining  particle 
partition  leads  to  the  following  thermodynamic  description  for  particle 
partition  between  the  interface  and  a  bulk  phase. 

K  =  const  x  exp  (-y^Ad-fAy  +  0A^)/Ytbl  2/4kT)  (2) 

where;  K  =  no.  particles  in  bulk  phase/no.  particles  at  interface 
A  =  surface  area  of  particle 
a  =  surface  charge  density  of  particles 
At|>  =  electrostatic  potential  difference  between  bottom  and  top 
phase 

=  Ypb  "  ^pt 

Ypb'Ypt  =  interfacial  free  energy  per  unit  area  of  particle  in  bottom 
(ypb>  or  top  <rptJ  Phase 

Y^  =  interfacial  tension  between  top  and  bottom  phases 

The  eA\p  term  in  the  exponential  in  equation  (2)  describes  the 
electrostatic  dependence  of  the  partition  coefficient.  Clearly,  the 
larger  the  value  of  Ai(i,  the  greater  will  be  the  dependence  on  cell  surface 
charge  density.  Ai)>  is  determined  by  the  equilibrium  distribution  of  ions 
between  the  two  phases,  any  concentration  difference  producing  a  type  of 
Donnan  potential  across  the  boundary  (Brooks  et  al.,  1984a).  Conditions 
which  maximize  ionic  partition  should  therefore  produce  the  optimal 
conditions  for  charge-dependent  cell  separations. 

The  remaining  terms  embody  the  effects  of  interfacial  tension,  y  , 
and  of  particle-polymer  Interaction,  (e.g.,  affinity  partitioning) 
through  the  Ay  term.  The  greater  the  preferential  binding  of  one  of  the 
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two  phase  polymers  to  the  particle  surface,  the  lower  will  be  the 
interfacial  free  energy  of  the  particle  in  the  phase  in  which  that  polymer 
predominates  and  the  larger  will  be  Ay  in  the  other  phase.  It  is  also 
seen  that  K  decreases  exponentially  with  increasing  provided 

oth.r  properties  of  the  system  do  not  change. 

The  above  expression  accounts  very  well  for  the  qualitative  features 
of  cell  partition.  Moreover,  in  a  number  of  systems  the  exponential 
dependence  of  K  on  Ay,  Ytb'  an<*  ^  ^as  1:>een  observed  (Brooks  et  al. , 
1984a;  Brooks  et  al.,  1985;  Sharp,  1985;  Sharp  et  al. ,  1987).  However, 
eqn.  2  assumes  that  the  particles  are  randomly  distributed  by  thermal 
forces  and  ignore  mechanistic  (e.g. ,  fluid  dynamic)  aspects  of  particle 
partition.  Biological  cells  exhibit  very  limited  Brownian  motion  and  have 
extremely  small  diffusion  coefficients  (i.e.,  10-1®  cm1 2  s-1).  Even  at  the 
low  interfacial  tensions  present  in  these  systems,  cell  size  should  allow 
for  strong  interfacial  adsorption. 

The  graph  of  log  K  versus  interfacial  tension  for  the  partition  of 
particles  between  the  PEG-rich  phase  and  the  interface  approximates 
linearity  for  a  variety  of  particles  of  different  sizes  in  systems  devoid 
of  electrostatic  potentials  (Ai|>  =  0).  The  slopes  of  such  graphs  (e.g.. 
Figure  6,  taken  from  Brooks  et  al.,  1984a),  which  approximate  -A/4kT, 
suggest  that  the  cell  partitions  observed  should  occur  at  much  higher 
temperatures  (i.e.,  102 **  to  105  °K)  (Brooks  et  al.,  1984a;  Sharp  et  al., 
1987).  Thermodynamic  factors  therefore  appear  to  be  important  in 
determining  particle  partition,  but  non thermodynamic,  randomizing  forces 
are  also  present.  These  forces,  which  appear  to  vary  with  particle  size, 
are  believed  to  be  associated  with  rapid  fluid  movement  during  phase 
emulsion  demixing  at  unit  gravity  (see  below).  Such  forces  could  dislodge 
particles  from  the  surfaces  of  phase  droplets  and  "streaming  structures" 
(see  below)  present  during  the  early  stages  of  phase  demixing  (Clark  and 
Wilson,  1983;  Sharp  et  al.,  1987)  (Fig.  7).  As  a  result  it  may  be 
impossible  to  achieve  theoretically  predictable  separations,  such  as  of 
two  sets  of  particles  differing  only  in  size,  on  Earth. 

If  the  source(s)  of  the  randomization  could  be  identified,  it  should 
be  possible  to  design  a  separation  process  that  minimizes  this 
influence.  Much  higher  resolution  separations  would  result,  with 
attendant  benefits  to  biomedical  investigation  and  biotechnology.  It  is 
towards  this  goal  that  our  microgravity  experiments  are  directed. 


DEMIXING  OF  POLYMER  PHASE  SYSTEMS  IN  MICROGRAVITY 

NASA's  interest  in  phase  partitioning  began  in  the  late  1970's  with  a 
proposal  from  D.  E.  Brooks  to  evaluate  the  role  of  gravity  in  the 
partitioning  of  biological  cells  and  to  develop  alternate  methods  to  demix 
the  phases  in  low-g.  A  small  instrument  was  built  by  Beckman  Instruments 
to  fly  on  a  sounding  rocket.  Although  this  instrument  was  not  flown 
before  sounding  rocket  experiments  were  phased  out  in  favor  of  space 
shuttle  experiments,  developmental  research  showed  the  feasibility  and 
advantages  of  using  electrophoretic  methods  to  demix  the  phases  in  low-g 
(Brooks  and  Bamberger,  1982;  Brooks  et  al.,  1984).  Research  presently 
encompasses: 

1 .  Theoretical  and  practical  studies  directed  towards  gaining  a 
greater  understanding  of  phase  partitioning  in  unit-g  and  low-g. 

2.  Development  of  novel  methods,  both  passive  (e.g.,  polymeric  wall 
coatings)  and  active,  to  localize  demixed  phases  in  low-g. 

3.  Development  of  novel  applications  of  two-phase  systems  and  new 

polymer  phase  systems  with  unique  properties. 


INTERFACIAL  TENSION  (utyfo) 

Fig.  6.  Logarithm  of  the  partition  coefficient  of 
spherical  h.  laldlawii  B  cells  vs  inter¬ 
facial  tension  for  a  series  of  buffered 
saline  two-phase  systems. 
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Fig.  7.  Effect  of  gravity  on  the  demixing  of  an 

NaCl-enriched  two-phase  system  containing 
7%  (w/w)  dextran  T40  and  5%  PEG  8000.  The 
PEG-enriched  phase  was  dyed  with  Trypan 
blue  (0,05  mg/ml). 
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These  interests  are  supported  by  the  advantages  of  carrying  out  phase 
system  demixing  and  partition  studies  under  lew  gravity  conditions: 

1.  Elimination  of  particle  sedimentation  effects  so  that  large 
particles  (e.g.,  cells  cultured  on  carrier  beads,  or 
megakaryocytes)  can  be  partitioned,  and  systems  can  completely 
demix  before  sampling. 

2.  Control  of  the  rate  and  mechanism  of  demixing  and  its  effect  on 
particle  partition  (see  below). 

In  addition,  the  energy-efficient,  versatile,  safe,  inexpensive  nature  of 
the  technique  recommends  its  possible  use  as  a  preparative  step  in  Space 
Bioprocessing  protocols  involving  other  purification  procedures. 

Initial  low-gravity  demixing  studies  were  performed  aboard  KC-1 35 
aircraft  (Van  Alstine  et  al.,  1984).  As  shown  in  Figures  8  and  9,  the  KC- 
135  flies  a  series  of  parabolic  trajectories  providing  up  to  30  seconds  of 
low-g  and  up  to  one  and  one-half  minutes  of  pull  out  and  climb  (high-g). 
The  acceleration  experienced  by  the  partition  module  was  monitored  by 
three  accelerometers  (model  300  Al,  Sunstrad  Data  Controls)  mounted  to  the 
same  assembly  in  orthogonal  axes,  one  of  which  was  parallel  to  the  sample 
vertical  axis  (aircraft  yaw  axis).  For  a  typical  maneuver,  the  low-g 
acceleration  on  all  axes  averaged  less  than  10-2  g  with  a  maxima  of  3  x 
10_2g  (Fig.  8). 

Unit-gravity  and  low-g  phase  separation  experiments  were  undertaken 
using  an  apparatus  consisting  of  a  Nikon  FM2  camera,  equipped  with 
Kodacolor  ASA  400  film,  a  55  mm  1:2.8  macrolens  and  shutter  release  cable, 
anchored  to  a  platform  holding  a  removable  plexiglass  phase-partition 
module  backlit  by  a  fluorescent  light  box.  The  phase  partition  module 
contained  four  rectangular  partition  chambers  30  mm  high,  8  mm  wide,  and  6 
mm  thick  and  a  digital  clock.  One  steel  ballbearing  (5  ran  dia.)  was  added 
to  each  chamber  to  facilitate  complete  mixing  of  the  phases.  A  typical 
experiment  involved  mixing  the  phases  by  inverting  the  module  30  times, 
starting  the  timer,  attaching  the  module  to  the  platform  and  taking 
pictures  as  the  phases  separated. 


Fig.  8.  KC-1 35  aircraft  parabolic  flight  trajectory. 
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Figure  7  illustrates  phase  demixing  for  a  polymer  two-phase  system  at 
unit-gravity  and  aboard  the  KC-135.  The  PEG-rich  phase  was  dyed  with  0.05 
mg/ml  Trypan  blue.  At  this  low  concentration  the  dye  does  not  alter 
system  physical  properties  (Bamberger  et  al.,  1987).  On  Earth,  gentle 
mixing  is  sufficient  to  create  an  emulsion  of  micrometer-sized  droplets 
and  solutes  (or  particles)  are  evenly  distributed  throughout  the 
chamber.  After  a  brief  period  (5-10  s)  during  which  the  phase  droplets 
coalesce  to  form  larger  droplets,  approximately  one  minute  of  rapid 
phase  streaming  can  be  seen  in  the  system.  This  streaming  is 
characterized  by  the  presence  of  columnar  regions  of  both  phases  in  the 
central  region  of  the  chamber.  Clear  regions  of  upper  and  lower  phase 
rapidly  appear  at  the  top  and  bottom  of  the  chamber.  As  demixing 
progresses  the  middle  emulsion  region  slowly  contracts  to  form  a  planar 
interface.  This  last  stage  lasts  approximately  60  seconds.  Phase  systems 
containing  greater  concentrations  of  polymers  of  equal  molecular  weight, 
and  therefore  possessing  larger  interfacial  tensions  and  phase  density 
differences,  tend  to  demix  faster,  despite  increased  phase  viscosity. 
Varying  the  phase  volume  ratio  decreases  the  demixing  rate.  Utilizing 
polymers  of  lower  MW  can  decrease  phase  viscosity  and  increase  the 
demixing  rate,  all  other  factors  being  equal. 


Fig.  9.  KC-135  low-g  (10-^  g)  phase  system  demixing 

experiment.  Operator  initiating  photo  sequence. 


Demixing  of  systems  possessing  phases  of  equal  volume  in  low-qravity 
appears  to  progress  primarily  by  a  coalescence  mechanism.  The  columnar 
structures  indicative  of  phase  streaming  are  absent  and  demixing  involves 
fusion  of  phase  droplets  into  larger  and  larger  regions.  To 
quantitatively  analyze  these  results  slides  of  demixing  phase  systems, 
taken  at  defined  time  intervals,  were  projected  and  the  outlines  of 
connected  domains  traced  on  paper.  The  area  of  each  domain  was  estimated 
using  an  IBM-PC  computer  equipped  with  a  Microsoft  mouse  mechanically 
fixed  to  a  single  orientation.  A  program  was  developed  to  digitize  and 
store  the  pictures  of  the  domain  areas  as  polygons.  Domain  area  was 
calculated  by  adding  the  areas  of  the  trapezoids  formed  from  the 
individual  sides  of  the  polygon  and  the  projection  of  each  side  onto  the 
horizontal  axis.  Drop  area  distributions  were  analyzed  and  for  each 
interval  the  mean  and  standard  deviation  drop  size  was  found,  the  radius 
(r)  of  a  circle  of  area  equal  to  the  mean  area  determined,  and  results 
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expressed  as  a  function  of  time  (t)  on  a  log-log  plot.  These  plots  (not 
shown)  were  subjected  to  linear  regression  analysis.  Correlation 
coefficients  between  0.9  and  1.0  were  found  and  as  well  as  positive  line 
slopes  between  0.6  and  0.8  (Bamberger  et  al.,  1987). 

The  above  analysis  indicates  that  the  slow,  mechanism  of  Ostwald 
ripening  which  involves  the  growth  of  large  phase  droplet  regions  by 
diffusive  transport  of  material  from  smaller  droplets  culminating  in  a 
single  large  region  of  radius,  r,  growing  asymptotically  with  time 
(t'''  ),  is  not  responsible  for  demixing  of  these  systems  in  low-g.  The 
most  probable  mechanism  is  droplet  coalescence,  self-driven  by  coalescence 
initiated  at  the  end  of  mixing  when  micrometer  sized  droplets  of  each 
phase  are  in  close  proximity  and  possess  some  residual  fluid  movement 
(Bamberger  et  al.,  1987).  These  results  are  somewhat  analogous  to  those 
of  other  researchers  investigating  the  structures  of  immiscible  metal 
alloys  and  liquid-liquid  two-phase  systems  solidified  via  cooling  under 
microgravity  (Curreri  et  al.,  1985;  Feuerbacher,  Hamacher,  and  Naumann, 
1986;  Van  Alstine  et  al.,  1984).  In  agreement  with  unit-g  modeling 
studies  conducted  with  various  isopycnic  polymer  two-phase  systems  (to 
which  a  third  polymer,  Ficoll,  was  added  to  achieve  equal  phase  density) 
our  KC-135  results  indicated: 

1 .  Spontaneous  phase  demixing  of  dextran-PEG  two-phase  systems  is 
mechanistically  different  at  low-gravity  than  at  unit-gravity, 
proceeding  at  a  slower,  but  still  useful  rate. 

2.  The  equilibrium  configuration  of  a  demixed  phase  system  is  expected 
to  be  one  phase  in  the  shape  of  a  sphere,  to  minimize  surface  area 
of  contact,  completely  surrounded  by  the  phase  which  prefers  to 
"wet"  the  container  walls. 

3.  Given  the  above,  it  should  be  possible  to  influence  the  rate  of 
spontaneous  demixing  and  final  disposition  of  the  phases  by  varyinq 
phase  volume  ratio,  phase  viscosity,  liquid-liquid  interfacial 
tension,  chamber  geometry,  chamber  wall  material  or  wall  coatings. 


In  April  1985  a  small  hand-held  Phase  Partition  Experiment  (PPE) 
module  (Fig.  10)  was  flown  aboard  STS-51D.  The  experiment,  performed  by 
Senator  E.  J.  "Jake"  Garn  (R-Utah),  consisted  of  shaking  the  module  to  mix 
the  phases,  placing  the  module  in  front  of  a  fluorescent  light  source,  and 
photographing  demixing  of  the  systems  with  a  Nikon  camera  equipped  with  an 
hour-min.-sec.  data  back.  The  module  contained  fifteen  chambers,  each 
fitted  with  a  5  millimeter  diameter  stainless  steel  ball  bearing  to 
facilitate  complete  emulsification  of  the  phases. 

The  systems  flown  (Fig.  11)  were  chosen  to  provide  initial  insight 
into  the  effects  of  several  factors  (phase  vi 
phase  volume  ratio,  etc.)  on  demixing  in  the 
provided  by  the  Shuttle.  Fixed  erythrocytes  were  included  in  the  riqht- 
hand  side,  bottom  and  middle  row  chambers  as  an  initial  test  of  low-g 
polymer  phase  cell  partition.  In  addition  the  middle  chamber  in  the 
middle  row  contained  a  control  "isopycnic"  phase  system  having  phases  of 
approximately  equal  density  (Bamberger  et  al.,  1987). 

Figure  12  indicates  the  equilibrium  appearance  of  the  PPE  module  in 
low-g  aboard  the  Shuttle.  It  can  be  seen  that  in  all  cases  the  metal 
mixing  balls  become  isolated  in  the  center  of  the  chamber  inside  the  clear 
dextran-rich  phase  which,  itself,  is  surrounded  by  the  dyed  PEG-rich 
phase.  The  PEG-rich  phase  prefers  to  wet  the  glass  (top  row)  and 
plexiglass  (bottom  two  rows)  chambers'  walls. 


scosity,  interfacial  tension, 
10"3  to  10-4  g  environment 
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Fio.  10.  STS-51D,  Phase  Partition  Experiment  (PPE)  hand-held  module. 


•  • 


Fig.  11.  STS-51D,  PPE  appearance  after  demixing  in  unit-gravity. 

Phase  systems  typically  useful  for  cell  partitioning  on  Earth  were 
shown  to  demix  fairly  rapidly  in  low-g.  Phase  systems  compounded  with 
larger  differences  in  polymer  concentration  between  the  phases,  and  hence 
larger  differences  in  viscosity,  interfacial  tension,  and  density 
differences,  demixed  at  a  much  slower  rate.  In  all  cases  the  time 
necessary  to  appreciably  demix  the  phase  systems  was  greater  than  on  the 
ground.  Figure  13  provides  more  detail  of  the  low-g  demixing  for  four 
systems  whose  physical  properties  are  given  in  Table  1  (Bamberger  et  al., 
1986).  Although  the  relative  importance  of  interfacial  tension  and 
viscosity  is  not  clear  it  appears  that,  in  keeping  with  theoretical  work 
by  other  investigators  (Allan  and  Mason,  1962;  Chappelear,  1961;  McKay  and 
Mason,  1963),  increased  interfacial  tension  may  impart  increased  stability 
to  the  polymer  emulsion  by  mechanically  hindering  droplet-droplet 
coalescence  (Bamberger  et  al.,  1987;  Curreri  et  al.,  1985). 
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Fig.  12.  STS-51D,  PPE  appearance  after  demixing  in 
low-gravity. 
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Fig.  13.  STS-51D,  PPE  detail  of  four  chambers  demixing  in 
low-gravity  (see  text). 


The  other  parameter  that  had  a  large  effect  on  the  demixing  rate  was 
the  phase  volume  ratio.  When  the  PEG-rich  phase,  which  prefered  to  wet 
the  container  wall,  was  mixed  at  a  ratio  of  2:3  (vol:vol)  with  dextran- 
rich  phase,  demixing  occurred  more  rapidly  than  when  the  phases  were  at  a 
1:1  ratio.  Similarly  a  1:1  system  demixed  much  more  rapidly  than  a  3:2 
system  (not  shown). 


The  presence  of  cell  particles  in  the  phase  systems  was  seen  to 
noticeably  but  not  drastically  alter  system  demixing  kinetics.  Effects  of 
chamber  geometry  (not  shown)  were  also  noted. 


Table  1.  Composition  and  Physical  Properties  of 


Polymer 

Phase  Systems  in 

Figure 

13. 

bPhase 

bPhase 

Interfacial 

Viscosity 

Density 

Tension 

(cP) 

(g/cm^) 

aSystem 

(uN/m) 

D  PBG-F 

D 

PEG-F 

1 

(5, 3. 5,0) 

1.9 

20 

3.4 

1 .052 

1.015 

2 

(5, 4. 0,0) 

8.3 

30 

3.3 

1.057 

1 .016 

3 

(6, 4. 0,0) 

20.0 

50 

3.8 

1 .065 

1.016 

4 

(7,0.5,11) 

5.0 

50 

30.0 

1.080 

1.080 

aSystems  designated  by  chamber  number  (Figure  13)  followed  by 
composition  (%w/w)  of  Dextran  T500,  PEG  8000  and  Ficoll  400. 
^Phases  are  designated  Dextran-rich  (D)  or  PEG/Ficoll-rich  (PEG-F). 


Time  sequence  pictures  from  the  51 -D  PPE  experiment  are  currently 
undergoing  quantitative  analysis  using  the  method  described  above.  A  more 
sophisticated  Baush  and  Lomb  Omicon  computer-enhanced  analysis  system  is 
being  employed.  Initial  results  mimic  those  reported  for  systems  demixed 
on  board  the  KC-1 35  (Bamberger  et  al.,  1987). 

In  general  this  first  shuttle  experiment  reinforced  belief  in  the 
potential  of  utilizing  polymer  phase  systems  for  bioprocessing  experiments 
in  space.  The  phases  spontaneously  demixed  by  coalescence  (Fig.  13)  at  a 
rate  compatible  with  cell  separation  experiments.  The  rate  at  which 
demixing  occurs  and  the  final  disposition  of  the  demixed  phases  evidently 
depends  on  system  composition  as  well  as  chamber  shape,  coatings  and 
materials;  all  of  which  can  be  controlled.  It  would  appear  that  the  low 
gravity  shuttle  environment  is  ideal  for  studying  the  effect  of  varying 
the  rate  and  mechanism  of  phase  demixing  on  particle  partition. 

Low  gravity  partition  studies  are  now  directed  towards  improving 
apparatus  design  and  polymeric  coatings  in  preparation  for  future  shuttle 
flight.  At  the  same  time,  ground-based  research  is  progressing  in  a 
number  of  exciting  areas  related  to  cell  separation  technology. 


RELATED  GROUND-BASED  RESEARCH 

Polymeric  wall  coatings  have  been  developed  utilizing  PEG  and 
dextran.  A  simplified  presentation  of  the  chemistry  is  given  in  Figure 
14.  (For  more  details  refer  to  Harris,  1986;  Harris  and  Yalpani,  1986; 
Harris  et  al.,  1984;  Herren  et  al.,  1986).  Glass  surfaces  were  activated 
with  a  silating  reagent  which  was  reacted  with  PEG  (monomethyl  ether) 
activated  by  conversion  to  the  cy^nuric  chloride  derivative  (PEG-CC)  in 
the  presence  of  butyl-lithium  (Abuchowski  et  al.,  1984;  above  references). 
PEG-CC  was  then  reacted  (typically)  with  aminosilane  activated  glass  to 
yield  PEG-amino-glass  and  HC1.  Dextran  was  attached  to  amino-glass  using 
sodium  cyanoborohydride  reduction  (Harris  and  Yalpani,  1986;  Harris  et 
al. ,  ^984).  Approximately  1.4  aminopropylsilane  molecules  were  bound  per 
100  A  of  glass  surface  and  one  polymer  molecule  was  bound  per  10 
aminopropyl  groups. 

The  effect  of  surface  alteration  on  phase  wetting  behavior  was 
evaluated  by  contact  angle  measurements  after  the  method  of  Schurch  et 
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al.,  1981.  This  involved  measuring  the  angle  of  contact  between  a  5  yl 
droplet  of  the  more  dense  dextran-rich  phase  resting  on  an  appropriate 
glass  or  plexiglass  slide  immersed  in  PEG-rich  phase.  Contact  angles  of 
0°,  90°  and  180°  represent,  respectively,  complete  wetting  of  the  surface 
by  the  dextran-rich  phase,  equal  wetting  of  the  surface  by  both  phases, 
and  complete  wetting  of  the  surface  by  the  PEG-rich  phase. 

Typical  results  are  shown  in  Figure  15.  As  expected,  contact  angle 
measurements  support  shuttle  results,  regarding  the  preference  of  PEG-rich 
phases  to  wet  plexiglass  and  uncoated  glass  container  walls,  as  well  as 
dextran-rich  phases  to  prefer  metal  surfaces  (not  shown).  They  also 
indicate  the  ability  of  polymeric  coatings  to  control  phase  wall  wetting 
in  a  manner  somewhat  analogous  to  polymer  affinity  ligands  ability  to 
alter  particle  phase  interactions. 
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Fig.  14.  Chemistry  related  to  surface  and  protein  polymer 
derivatization. 


Polymeric  coating  chemistry  and  wall  wetting  measurement  studies  are 
in  progress.  It  is  now  possible  to  completely  alter  the  phase  preferring 
to  wet  the  container  wall  (not  shown)  and  we  hope  that  polymer  coatings 
will  prove  useful  in  a  number  of  low-g  materials  processing  applications. 
These  coatings  have  already  shown  promise  in  a  number  of  Earth-bound 
applications  (Harris  et  al.,  1986).  For  example,  PEG  coatings  have  been 
demonstrated  to  control  the  electroosmosis  which  hinders  the  resolution  of 
electrophoretic  separations  both  on  Earth  and  in  space  (Herren  et  al., 
1986).  The  reduction  in  electroosmosis  is  related  to  PEG  coating 
molecular  weight.  PEG  coatings  are  stable  for  at  least  1  year  and  are 
more  effective  than  dextran,  methylcellulose  or  silane  coatings.  In 
addition  the  coatings  are  expected  to  render  chamber  surfaces  less 
susceptable  to  protein  absorption  (Hlady  et  al.,  1985). 
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The  same  chemistry  used  to  covalently  couple  PEG  to  amino  groups  on 
glass  surfaces  can  be  employed  to  covalently  link  PEG  molecules  to  protein 
gamma  amino  groups  (Figure  14)  (Abuchowski  et  al.,  1984;  Harris,  1986; 
Harris  and  Yalpani,  1986;  Karr  et  al.,  1986;  Sharp  et  al.,  1986).  This 
chemistry  has  been  utilized  to  covalently  link  PEG  molecules  to  antibody 
molecules  in  order  to  create  affinity  ligands  with  which  to  carry  out 
immunoaff inity  cell  partition  (Karr  et  al.,  1986;  Sharp  et  al.,  1986). 
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Fig.  15.  Variation  in  partition  chamber  surface 
wetting  with  surface  coating. 


Figures  16  to  18  are  taken  from  Karr  et  al.  (1986).  Figure  16,  the 
graph  of  log  K  versus  PEG-IgG  (rabbit  anti-human  erythrocyte)  incubation 
concentration,  for  human  erythrocytes  in  am  NaCl  enriched,  dextran  T500, 
PEG  8000,  containing  two-phase  system  is  in  keeping  with  equation  2. 
Approximately  half  of  the  90  IgG  lysine  groups  were  derivatized  by 
monomethyl  PEG  5000.  Cells  were  incubated  with  PEG-IgG  in  upper  phase  for 
15  rain  at  37  °C,  washed  and  partitioned  in  a  normal  manner.  PEG 
derivatization  did  not  appear  to  alter  IgG  specificity  although,  fortui¬ 
tously,  it  did  significantly  decrease,  in  a  manner  dependent  on  the  degree 
of  derivatization,  antibody  induced  cell  aggregation  (Karr  et  al.,  1986). 

Figures  17  and  18  indicate  the  ability  of  immunoaff inity  CCD  to 
separate  cell  mixtures.  Following  a  single  incubation  with  PEG-IgG  a 
mixture  of  sheep  and  human  erythrocytes  (distinguishable  on  the  basis  of 
size)  was  completely  separated  in  100  minutes  using  30  transfer  CCD  and  a 
two-phase  system  which  normally  offers  little  resolution. 
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Fig.  16.  Effect  of  PEG  5000  derivatized  rabbit  anti-erythrocyte 
IgG  on  the  partition  (log  K)  of  2  x  107  human 
erythrocytes  in  a  buffered  saline  system  containing 
4.9%  (w/w)  dextran  T500  and  3.6%  (w/w)  PEG  8000. 


FRACTION 

Fig.  17.  Countercurrent  distribution  of  3  x  107  human  (•)  and 
sheep  (■)  erythrocytes  for  30  transfers  in  the  same 
system  used  in  Figure  16. 


FRACTION 

Fig.  18.  Countercurrent  distribution  of  3  x  107  human  (•)  and 

sheep  (■)  erythrocytes,  in  the  same  system  used  in  Fig. 
following  incubation  with  1.3  mg/ml  PEG  5000-IgG. 


Development  of  immunoaf f inity  partitioning,  which  in  terms  of 
simplicity,  resolving  power  and  capacity  possesses  certain  advantages  over 
fluorescent  activated  cell  sorting,  (FACS)  is  proceeding  in  a  number  of 
different  areas.  Better  methods  of  protein  polymer  derivatization  and 
analysis  are  being  worked  out  and  the  method  is  being  applied  to  the 
fractionation  of  cell  mixtures  of  biomedical  interest. 
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Acetylcholine 

receptor,  nicotinic,  103-113 
alpha-chain,  89,  103-113 
T-cell  recognition  profile 
103-113 

N-Acetylglucosamine-1 -phosphate 
200 

Aaholeplasma  laidlawii 

partition  coefficient,  314 
Acid  hydrolase,  200-204,  208 
Aerobactev  aerogenes 
in  spaceflight,  260 
Aeromonas  proteolytiaa 
in  spaceflight,  262 
Affinity  partition,  308,  309 
Albumin,  human,  fraction  V,  254 
256 

Allergen,  214 

bridging  within  mast  cell,  215 
Allergy,  see  Immunoglobulin  E 
Ammonium  chloride,  206 
Antibody 

and  antigen,  1-4 
anti-idiotypic,  165,  166 
conjugated,  156-158 
idiotypic,  174-178 
anti  -  ,  165,  166 
mediator  release  from  mast 
cell,  214 
MHC-specific,  3 
monoclonal,  22,  166,  174-178 
specificity  of  binding  site, 
235-238 

amino  acid  sequence,  236 
unconjugated,  156 
Antigen,  155-159,  165-181 
and  antibody,  1-4 
CD2,  223 

and  TcR  complex,  224 
CDS,  225 
clusters,  3 

fragmentation  and  reappearance, 
66,  79,  81,  99 
GAT,  56-58 

hepatitis  B  surface  (HBsAg). 
233-239 


Antigen  (continued) 
and  la  complex,  120 
internalization,  66,  79 
-liposome  complex,  4 
and  membrane  of  cell,  4 
multivalent,  3 
PPD,  58 

presentation  of,  4,  55-63 

65-87,  115-159,  161-164 
priming  by  peptide,  99 
processing  by  cell,  66,  79 

116,  120,  124,  147-159 
hypothesis,  4 
specificity,  173 
S-region,  234 
structure,  120 
and  surface  immunoglobulin, 

155-159 
synthetic,  166 
and  T-Cel 1 ,  1-4 

cognizance,  115-127 
TGAL,  58,  166-181 

Apo-cytochrome  a,  130,  133,  134,  138 
Asialoglycoprotein  receptor,  192 
Astronaut,  see  Spacecrew 

Bacillus  subtilis  in  spaceflight, 

262 

Bacillus  thuringiensis  in  space- 
flight,  262 

Bacteriophage  in  spaceflight, 

260-261 

B-cell,  37,  71,  77-79,  89,  147, 

155,  158,  166,  169,  172, 

173,  175,  176,  178,  186, 

247,  250,  251 
Blastogenesis ,  174 
and  stress,  283,  286 
Blocking  studies,  48,  50 
Bombesin,  184,  185 
Bone  marrow  macrophage,  129-145 

Calf  serum,  fetal,  253-258 
and  hybridoma  stimulation, 

255-257 
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Candida  albicans  in  spaceflight, 

263 

Candida  krusei  in  spaceflight, 

130,  133,  141 
Cathepsin  D,  206 
CD2  antigen  structure,  226-228 
DNA  sequence,  226 
CD3  antigen  chain  homology,  225 
Cell 

antigen  presenting,  see  Antigen, 
presentation  of 
culture  in  spaceflight,  266 
mononuclear,  human,  273-288 
activation,  273-288 
in  hypoxia  experiments, 

279-282 

immunofluorescence,  278 
in  spaceflight,  274-277 
simulated,  279-282 
and  thymidine  uptake,  278-282 
morphology,  mammalian,  when 
stressed,  290-292 
sorter  analysis,  fluorescence 
-activated,  248 

Chaetomium  globosum  in  spaceflight, 
262 

e-Chain  decapeptide,  215,  218,  219 
see  Gamma-chain 

Chinese  hamster  ovary  cell  line 
189-190 

Chlamydia  trachomatis  antigen 
recognition  of,  44 
Chloroquine,  140,  141,  148,  206 
Clostridium  butyricum  in  space- 
flight,  260 

Clostridium  sporogenes  in 

spaceflight,  260 
Chondroitin  sulfate  proteogly¬ 
can,  38-41 
Chromatography 
affinity  -  ,  38 
gel  electrophoresis,  38,  39 
gel  filtration,  38 
liquid,  high-performance,  130 
Complement  components  and  MHC 
genes,  11 

Concanavalin  A,  90-94,  173,  174, 
184,  186,  242,  276,  285 
Compartment  of  uncoupling  of 
receptor  and  ligand, 

(CURL),  202 

Countercurrent  distribtution, 
thin-layer,  309-310 
of  erythrocytes,  309-310,  323 
of  melanoma  cells,  murine,  311 
CURL,  see  Compartment  of  uncoupling 
of  receptor  and  ligand 
Cycloheximide,  206 
Cytochrome  a,  2,  3,  129-145,  148 
antibody,  monoclonal,  129-145 
cross-reactivity,  131 


Cytochrome  (continued) 

cross-reactivity  (continued) 
dichroism  spectrum,  138 
of  horse,  129-145 
of  mouse,  161 
of  pigeon,  155,  161 
of  tobacco  hornworm  moth,  162 
of  yeast,  133,  141 

Demixing  of  polymer  phase  system, 
313-320 

Determinant,  idiotypic,  247 
Dextran,  195,  196,  248,  250,  307-328 
phase-partitioning 
on  earth,  307-328 
in  space,  307-328 
and  polyethylene  glycol,  307-328 
Diphtheria  toxin,  190,  193-196 
Discoides  disaoideum ,  203 
DR2  beta-chain,  human,  89 
Drosophila  melanogaster  heat-shocked, 
289,  290,  301 

Effector  cell  and  Fc  receptor, 

214-216 

Endocytosis,  receptor-mediated, 
189-198 

Endoglycosidase  H,  205 
g-Endorphin,  184-186 
Endosome  acification,  189-198 
kinetics,  measurement  of,  194 
tissue  dependence,  195 
Erythrocyte,  human,  affinity 

partition,  hydrophobic, 
308-310,  323 

Escherichia  coli  in  spaceflight,  260 
see  Bacteriophage 

Fc  region 

effector  site,  214-216 
peptide,  213 
synthetic,  213 
Ferritin,  191 

Fibrinogen,  human,  fragment, 

148-149 

Fibriblast  of  rat  embryo 
and  acid  hydrolase,  202 
heat-shocked,  290-293,  301 
Fluorescein  diacetate,  104 
Fluorescein  fluorescence,  193-195 
Fluorescein  isothiocyanate,  193 

Gamma 

chain,  241-246 

gene  family  of  mouse,  241,  245 
mRNA,  242 
peptide,  242,  245 
protein,  242 
receptor  complex,  243 
Gastric  inhibitory  peptide 
(GIP),  185 

amino  acid  sequence,  185 
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Gene 

activation,  1 

cross-over,  see  Recombination 
conversion  technique,  22 
gamma  family  of,  murine,  241, 

245 

la,  see  la  gene 
regulation,  see  la  gene 
GIP,'  see  Gastric  inhibitory 
peptide 

Glucagon  amino  acid  sequence,  185 
Glycoprotein,  200,  223 
structure,  226-228 
N-Glycosidase  F,  244,  245 
Gold,  colloidal ,  191 
Golgi  apparatus,  40,  202,  206,  207 
and  acid  hydrolase,  202 
Gravity  experiment  in  low  gravity, 
315-320 

see  Microgravity 

Growth  factor,  epidermal  receptor, 
192 

H-2  mouse  strain,  233-235 
T-cell  restriction,  171-172 
Hamster  antibody,  monoclonal, 

241,  242 

see  Chinese  hamster  ovary 
Heat  shock  response 
of  cell ,  289-306 
discovery  in  gland,  salivary, 
289,  290 

and  fibroblast,  290 
and  mitochondrion,  290-291 
and  nucleolus,  292 
and  nucleus,  291 
Hela  cell,  human 
and  heat  stress  protein, 

292-293 

Helper  T-cell,  11,  43,  117,  147, 
155,  165,  166,  169-174, 
278-282 

Heme  peptide,  130,  133,  135 
of  horse,  133,  134,  141 
of  tumor,  133,  134 
Hemoglobin  A,  human,  89,  104 
Hen  egg  lysozyme,  see  Lysozyme 
Hepatitis  B  virus,  233-239 
surface  antigen  (HBsAG), 

233-239 

Histamine  release,  214,  215,  219 
Histocompatibility  complex,  ma¬ 
jor  (MHC) ,  1-10 
antigen,  37-42 
genes,  11-35 
classes,  four,  11 
la  of  mouse,  11-35 
and  T-cell,  43-54,  255 
Hunter  disease  (iduronate  sulfate 
deficiency),  202 


Hybridoma,  2,  147 
auto-reactive,  253-258 
of  lysozyme,  150 
and  MHC,  255 
production  of,  132 
stimulation,  255-257 
lack  of,  256 

of  T-cell ,  147,  148,  253-258 
Hydrolase,  acid  see  Acid  hydrolase 

la 

antigen,  120,  125 

genes,  class  II,  murine,  11-35,  56 
description,  11-14 
identification,  11-14 
localization  of  antibody, 

16-17 

mutant  B6.H-2bm72,  21-21 
organization,  11-35 
polymerization,  11-35 
recombination  hot  spots,  24-27 
regulation,  27-28 
transcomplementation,  17-18 
molecule,  55-63,  148,  153,  155 
I -cel  1  disease  (mucolipidosis  II) 
fibroblast,  200 
Immune  response,  11,  12,  183 
and  Jr  gene,  6-8 
Immunoaffinity  partitioning,  324 
Immunobiology 

experiments  in  vitro,  277-285 
gravitational,  276-277 
postflight,  273-287 
see  Spaceflight 
Immunoglobulin  E,  213-216 
antibody,  213,  214,  217,  218 
antiserum,  217-219 
binding  site,  216-220 
myeloma  form,  213,  216 
surface,  155-159,  220 
Immunoprecipitation,  242-245 
Influenza  virus,  44,  193,  228 
Insulin,  23,  24 
Interaction 
biochemical,  1-3 
immunological,  1-3 
twosome,  1-3 
Interferon,  28 
in  spaceflight,  265,  266 
Interleukin-7,  179 
-2,  3,  166,  171,  254-257 
Jr  gene,  6-8,  90,  107 

Lactoperoxidase,  192 
L-cell,  16,  17 
Lectin,  39,  286 
see  separate  lectins 
Ligand,  1-4 

Linkage  disequilibrium,  allelic 
47-48 
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Lipopolysaccharide,  94,  187 
Liposome,  2-4 

Lymph  node  ceil,  92-97,  125,  131, 
184,  186 

assay,  proliferative,  104-107 
peptide  size,  71-77 
primed  by  myoglobin,  67,  68 
Lymphocyte  in  spaceflight,  264,  265 
Lysosome,  190,  199 
Lysozyme,  7,  55,  66,  89-101,  104, 
125,  135,  140,  147,  149, 

150 

Mab,  130-142 

association  constant,  130,  131, 
137 

binding  specificity,  130-131, 
133-136,  137-142 
dissociation  rate  constant 
inhibition  assay,  131 
specificity,  133 
a2-Macrog1obul in,  190-197 
Macromolecule  traffic,  intra¬ 
cellular  see  Manno- 
se-6-pbosphate 
Macrophage,  138,  166 
of  bone  marrow,  129-145 
pulsing,  135,  139-141 
Major  histocompatibility  complex, 
see  Histo  -  m- 
Ma 1 eimi dobenzoy 1 -N-hydroxy- 
succinimide  ester,  156 
Mannose-6-phosphate,  190,  193, 
199-212 

and  acid  hydrolase  pathway,  203 
marker,  generation  of,  200-201 
and  traffic,  intracellular, 
199-212 

and  transport  of  lysosomal 
enzymes,  199-212 
Mast  cell,  213-222 
Mediator  of  allergy 

release  from  mast  cell,  214-220 
Melanoma  cell,  murine,  311 
Melittin,  214 
Met-enkephalin,  184,  185 
Methyl phosphomannosyl  diester 

(covered  phosphate),  203 
Microgravity,  273-287 
and  demixing  of  polymer 

phase  systems,  313-320 
and  immune  response,  274 
and  mononuclear  cell,  human, 
273-286 

Mitogenesis  and  lectin,  286 
Monensin,  37-40 
Monocyte,  278-282,  286 
Mouse,  354-357 
MHC,  11-35 
la  genes,  11-35 


Mouse  (continued) 

polysaccharide,  pneumococcal 
type  III,  247-252 
strains,  104-108,  117-126 
Mucolipidosis,  200 
Mumps  virus  antigen,  44 
Mutant  B5. C-H-2bm72,  murine,  55, 
58-60 

Myoglobin,  65-90,  148 

Neuroimmunomodulation,  183 
Neuropeptide,  183-188 
Neurosvora  sp.  in  spaceflight 
259,  261 

a-Neurotoxin,  103 
Newcastle  disease  virus,  264-265 
Nonresponsiveness,  immunological , 
6-8 

Nuclease,  162-164 

Oligosaccharide  assembly,  202 
Ovalbumin,  104,  148 

Partition 

of  cells,  309,  311 
chamber  procedure,  309 
of  erythrocytes,  309 
of  ions,  308 
of  macromolecules,  311 
of  proteins,  311 
and  thin-layer  countercurrent 
distribution,  309-311 
Pentapeptide  therapy  for  rhini¬ 
tis  allergic,  217 

Peptide 
8,  115-127 
antigenic,  161-164 
gastrointestinal,  see  GIP, 

glucagon,  PHI,  secretin 
hormone,  183-188 
immunogenic,  149-153 
size  ond  T-cel 1 ,  71-77 
stimulation  index,  80-82 
synthetic,  130-135,  213-222 
overlapping,  67,  79,  83,  91-96, 
104-109 

response,  70,  93 
structure,  73,  91 
T-cell  and  size,  71-77 
Peyer's  patch  -  T-cell  hybridoma, 
254-257 

Phase-partitioning 
of  dextran,  307-328 
on  earth,  307-328 
of  polyethylene  glycol,  307-328 
in  space,  307-328 
in  strength  of,  312 
thermodynamics,  312 
PHI(petide),  185,  186 
amino  acid  sequence,  185 
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Phosphomannosyl  receptor,  200 
202,  203,  206 
and  amine,  206-207 
cation-independent,  205 
immunoperoxidase  technique,  205 
inhibition  by  antibody,  207 
location,  subcellular,  205-206 
as  membrane  glycoprotein,  205 
and  pinocytosis,  205 
sources  of,  205 
Phosphotransferase,  200-201 
Phytohemagglutinin,  278-282, 

284,  286 

Pigeon  cytochrome  a  ,  155-158,  161, 
163  see  Cytochrome  a 
Pinocytosis  of  lysosomal  enzyme, 
206-207 

and  phosphomannosyl  receptor,  205 
Plasma  autologen  and  stress,  283 
PMR,  see  Phosphomannosyl  receptor 
Pokeweed  mitogen,  278-282,  284,  286 
Polyethylene  glycol,  307-328 
phase-partitioning,  307-328 
Polymer 

coating  chemistry,  321,  322 
surface  wetting,  321,  322 
demixing,  313-320 
phase  systems,  307-328 
Polymorphism,  allelic,  18-20 
Polyoxyethylene-9-lauryl  ether,  37 
Polypeptide,  synthetic 
and  T-cell ,  165-181 
see  Peptide 

Polysaccharide,  pneumococcal, 
type  III,  247-252 
PPD,  see  Purified  protein 
derivative 

Presentation  of  antigen,  see 
Antigen 

Processing  of  antigen,  see  Antigen 
Protease,  see  Proteinase 
Protein 

antigen  presentation,  161-164 
binding  peptide,  161-164 
lipid  bilayer  combination,  4 
polymer  derivatization,  321 
processing,  162 

purified  derivative  see  Purified 
protein 

recognition  by  T-cell,  1-10 
of  stress,  see  Stress  protein 
Proteinase 
inhibitor,  148 
K,  40 

Proteoglycan,  38-40 
Prothymocyte,  246 
Pseudo-Hurler  polydystrophy 

(mucolipidosis  III),  200 
Pseudomonas  aeruginosa  in  space 
-flight,  263 


Psychoimmunology,  183 
Psychoneuroimmunology,  183 
Purified  protein  derivative 
(PPD),  91-94 

Rabbit  antiserum  against 
heptapeptide,  242 
Ragweed  allergen  Ra  3,  89,  104 
Receptor,  1-6,  241  see  T-cell 
Recognition  profile  of  protein 
104 

Recombination 

distance  between  genes,  24 
reevaluation  needed,  24 
hot  spots,  24-27 
mapping,  24-27 

Reconstitution  experiments,  119 
Response,  immune,  see  Immune 
Restriction,  43-47 
specificity  analysis,  45,  46,50 
Rhodotorula  rubra  in  spaceflight, 
262 

Ribonuclease,  176 
Ribosome,  200 

Saoaharomyaes  cerevisiae  in  space- 
flight,  262 

Salmonella  typhimurium  in  space 
-flight,  261 
Secretin,  185,  186 
amino  acid  sequence,  185 
Self  concept,  1-3  see 

Histocompatibility 
Semliki  Forest  virus  coat  protein, 
193,  196 

Sendai  virus  vaccine,  254,  255 
Serum  albumin,  89 
Signal  recognition  particle 
(SRP),  200 

receptor  (docking  protein),  200 
Sodium  ionophore,  see  Monensin 
Somatostatin,  184,  185 
Spacecrew 
health,  273,  274 
immunology,  275-277 
microbiology,  262-264 
microgravity,  274 
thymidine  uptake,  275-282 
Spaceflight 
after-effect,  273-288 
cell  culture,  259-288 
anomalies,  259-271 
environment  of  capsule,  273 
immune  response,  264-268 
history,  264-266 
and  lymphocytosis,  264 
microgravity,  274 
microbiology  of  the  crew,  262-264 
microorganisms  in,  259-264 
alterations  in  flight,  261-262 
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Spaceflight  (continued) 
alterations  in  flight  (continued) 
stability,  genetic,  260-261 
survival,  259-254 
mononuclear  cell,  human,  273- 
287 

Speen  cell,  248-251,  254-257 
irradiated,  173,  176 
isolation,  248 
line  CTL-D,  254 

non-inmunoglobulin-bearing,  248 
syngeneic,  185,  186 
Sputnik,  see  Spaceflight 
SSS-III,  247-251 
antibody  against,  248-249 
Staphylococcus  sp. 
nuclease,  162-164 
in  spaceflight,  260,  262 
Staphylococcus  aureus 
proteinase,  130 
Stimulation  index,  80-82 
Streptococcus  sp. 

beta-hemolytic  in  spaceflight, 
262 

Streptomyaes  sp.  in  spaceflight, 
260 

Stress,  273-288 
blastogenesis,  impaired,  283 
cell,  mononuclear,  279-283 
defense,  cellular  against, 
289-306 

heat  shock  as,  289-306 
plasma,  autologous,  283 
protein,  see  Stress  protein 
response,  mammalian,  289-306 
thymidine  uptake,  275-286 
Stress  protein,  289-306 
ATP-binding,  298,  300,  302,  303 
changes,  292-299 
list  of,  292,  294,  296,  298, 

300 

properties,  295 
synthesis,  291,  292 
and  thermotolerance,  acquired, 
290 

Substance  P,  184,  185 
amino  acid  sequence,  215 
Suppressor  factor  of  T-cell, 
247-252 

Surface 

immunoglobulin  and  antigen, 
155-159 

stimulation  hypothesis,  92, 

97,  98 

T-cell 

activation,  3,  117,  129-145, 
223-231 

antibody-specific,  174-178 
antigen 

blind  spot  for,  7-8 
presentation,  see  antigen 


T-cell  (continued) 

receptor,  see  receptor 
(T,G)-A— L-specific,  166 
assay,  proliferative,  91-92 
autoreactive,  253-258 
blind  spot  for  antigen  7-8 
blocked,  163-164 

boundary,  definition  of,  71-76,  84 
clone,  130,  175-179 
antigen-specific,  44,  56 
autoreactive,  253 
polypeptide  (synthetic)- 
specific,  165-181 
cognizance,  see  recognition 
culture,  long-term,  91,  94 
cytolytic,  43 
cytotoxic,  11 

function,  modulation  of,  183-188 
gamma-chain,  structure  of,  224-286 
gene 

expression,  223-231 
structure,  223-231 
helper  cell,  11,  43,  117,  147, 

155,  165,  166,  169-174, 
278-282 

see  Helper  T-cell 
and  histocompatibility  complex, 
major,  1-10 

and  HLA-D  region  molecules,  43-54 
hybrid,  161-163 

hybridoma,  autoreactive,  253-258 
la  molecule,  55-63,  171 
IL-2-secreting,  166,  171 
immune  response,  6-7 
and  Ir  gene,  6-8 
isolation  procedure,  56 
Jurkat  line,  leukemic,  224-226 
lines,  44,  166-171,  224-226 
monoclonal,  175-179 
mRNA,  225,  227 
nonresponsiveness,  6-8 
and  nuclease,  162-164 
peptide 

antigens,  three,  164 
hormone,  183-188 
size,  71-72 

Peyer's  patch,  254-257 
proliferation,  blocked,  2-3 
proliferative,  168-171 
assay,  91-92 
receptor,  1-4,  55,  162 
of  antigen,  1-3,  129 
clustering,  3 
complex,  224 
gamma-chain,  241-246 
and  MHC,  1-2 
repertoire  of,  5-6 
recognition,  103-113,  223-231 
of  BM12  mutant  site,  58-60 
of  la  antigen,  55-63 
restricted,  56-58 
of  ligands,  two,  1-2 
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T-cell  (continued) 

of  lysozyme,  66,  89-101 
of  myoglobin,  67-79 
of  polypeptide,  synthetic,  8 
of  protein,  1-10,  66 
site,  77-79,  98,  233-239 
of  HBsAg,  233-239 
studies,  69-70 

of  tobacco  mosaic  virus  anti¬ 
gen,  115-127 

response,  proliferative,  to  anti¬ 
gen,  234-235 
responsiveness,  115-127 
site  recognition,  98 
stimulation,  121-124,  162 
blocked,  162 
suppressor,  278-282 
factor,  247-252 
in  thymus,  5,  6 

trinitrophenyl -reactive,  43-54 
restriction,  43-47 
unresponsiveness,  229 
T-helper  cell,  see  Helper  T-cell 
T-cell  helper 
Thermotolerance,  acquired 
and  stress  proteins,  290 
Thymidine  uptake,  275-286 


Thymocyte,  186,  241-245 
Thymus,  241-246 
T-lymphocyte,  see  T-cell 
TNP,  see  Trinitrophenol  in  T-cell 
Tobacco  mosaic  virus  protein  as 
antigen,  116-126 
Torpedo  aali formica 

acetylcholine  receptor,  103-113 
organ,  electric,  104 
T-cell  recognition  of,  103-113 
Transcomplementation,  17-18 
Transferrin,  41,  190,  191,  195, 
196,  254 

Transplantation  antigen 
and  MHC  gene  class  1 ,  11 
Trichophyton  terrestre  in  space 
-flight,  262 
Trifluoroethanol ,  137 

Vasoactive  intestinal  peptide 
(VIP),  184-187 
amino  acid  sequence,  185 
Vesicle,  191-195 
VIP,  see  Vasoactive  intestinal 
peptide 

Virus,  see  separate  viruses 
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